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ABSTRACT 

3 7 6  7 z-- 
A design s t u d y  was conducted t o  determine t h e  c a p a b i l i t y  o f  adapt ing 

t h e  M - 1  f u e l  turbopump t o  satisfy t h e  requirements o f  t h e  PH0E;BUS I1 Reactor 
Liquid Hydrogen Feed System. 

Appropriate  des ign  and performance analyses as w e l l  as mechanical 
design e f f o r t  were performed t o  t h e  ex ten t  needed t o  permit  r a p i d  t r a n s i t i o n  
i n t o  a development program, 

A 20$ stall  margin i s  predic ted  f o r  t h e  r e s u l t i n g  pump hydraul ic  
geometry a t  t h e  nominal PHOEI3US opera t ing  point .  
w i l l  be  requi red  t o  produce a 1400 p s i  p r e s s u r e  r ise  a t  a hydrogen weight 
flow of 350 lb/sec.  
55 lb/sec.  

A nominal speed o f  11,500 rpm 

The p red ic t ed  nominal t u rb ine  weight  f low is  approximately 

F 
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I. INTRODUCTION 

?HOEBUS is t h e  des igna t ion  f o r  a ground t e s t  nuc lear  r e a c t o r  experiment 
t o  be conducted by t h e  Los Alamos S c i e n t i f i c  Laboratory (ZASL) of t he  Un ive r s i ty  
of  C a l i f o r n i a  under t h e  j o i n t  auspices  o f  t h e  Nat ional  Aeronaut ics  and Space 
Adminis t ra t ion and t h e  Atomic Energy Commission. 
conducted a t  the  Nuclear Rocket Development S t a t i o n  (NRDS), Jackass  F l a t s ,  
Nevada. 

The experiment w i l l  be 

I n  opera t ion ,  t h e  PHOEBUS r e a c t o r  i s  cooled a n d  par t ia l ly-modera ted  by 
pump-fed l i q u i d  hydrogen. 
t o  nroduce t h r u s t ,  

The hea ted  hydrogen is  then expel led  through a nozz le  

To accommodate va r ious  r eac to r  ope ra t ing  modes and power s e t t i n g s ,  1 inc luding  s t a r t - u p  and shutdown t r a n s i e n t s )  a v e r s a t i l e  turbopump having wide 
ope ra t ing  range c a p a b i l i t y  i s  requi red ,  
rugged and r e l i a b l e  because a turbopump fa i lure  could j eopa rd ize  the  r e a c t o r .  
Other  p r e r e q u i s i t e s  inc lude  a n  extended mean ope ra t ing  time between overhauls  
( t o  minimize f a c i l i t y  down t h e  f o r  pump replacement)  as w e l l  as a reasonable  
upra t ing  c a p a b i l i t y  inhe ren t  i n  the  des ign  because f u t u r e  r e a c t o r  and/or 
nozzle  requirements may i nc rease  demands upon pump performance, 

Also,  t h i s  turbopump should be both 

A program of  d e t a i l e d  a n a l y s i s  and des ign  work was completed by t h e  
Aerojet-General Corporat ion t o  adapt  t h e  M - 1  f u e l  turbopump t o  t h e  r e a c t o r  
l i q u i d  hydrogen f eed  system requirements ir, accordance w i t h  t h e  s p e c i f i c  
pcrformance requirements a n d  parameters provided by NASA/LeRC They are 
referenced  as appropr ia te  i n  the  ensuing t e c h n i c a l  d i scuss ions .  Appendlx A 
i s  the  l i s t  of symbols used i n  t h e  f i g a r e s ,  as appropr ia te ,  throughout t h i s  
t ex t  . 

The work performed was comprised of  a f i n a l  a n a l y s i s  and des ign  t,o 
provide a d e t a i l e d  performance p red ic t ion ,  a n a l y s i s  o f  t h e  modified turbopump 
m d  i t s  sub-components, and to  prepare a l l  of t h e  major designs and drawings 
nrcded t o  i n i t i a t e  bardwarp fabr fca t* ion ,  Also,  d e t a i l e d  procurement and 
f a b r i c a t i o n  planning was ac2ompiished to permit r ap id  a c t i v a t i o n  a f  a r e sea rch  
and development program 

A l l  of  the  s tudy  goals have been achieved,  
are summarized here in  and t h e  techn'lcal  approach as well as resul ts  i n  e a c h  
a r e a  a r e  presented. 

Ind iv idua l  areas of  e f f o r t ,  

Based upon the  r e s u l t s  of t h i s  detASLPed s tudy ,  it i s  concluded t h a t  t h e  
appropr i a t e ly  modifsell M - l  f u e i  tu rbopmp desigyl c u r r e n t l y  w i l l  meet a l l  of  
t he  PHOEiUS r eac to r  system requi ravenss  w i t h  a h i g h  margin of s a f e t y  f o r  a l l  
components. A l s o  t h e  turbopump design provides  an e x t e n s i v e  up- ra t ing  c a p a b i l i t y .  
The turbopump can be f a b r i c a t e d ,  performance and demonstrat ion tes t s  conducted, 
and de l ive ry  accomplished w i t h i n  t h e  r equ i r ed  MIOFR!JS schedule.  

The informzLion provided h e r e i n  is t h e  same as t h a t  o r i g i n a l l y  submit ted 
as the  F i n a l  R e p o r t ,  P h a s e  I,9 17- 1 Fuel  Turbopump Yod i f i ca t ion  Program (Cont rac t  
:'AS 3-2555, Amendment No. ilk). 



11. SUMMARY 

There are 13 major c a t e g o r i e s  o f  endeavor comprising t h e  PI-1 Fue l  Turbo- 
pump Modif ica t ion  Study, 
and f u r t h e r  ampl i f i ed  in t h e  technica l  d i scuss ion .  

Each category is b r i e f l y  summarized i n  t h i s  s e c t i o n  

A.  DESIGN RF'UIREMENTS 

The design s p e c i f i c a t i o n  shee t  f o r  t h e  PHOFBUS turbopump is provided 
as Table  1 and t h e  r equ i r ed  head-capacity ope ra t ing  envelope i s  shown as F i g u r e  1. 
The PHOEBUS turbopump was designed t o  produce a nominal l t 0 0 - p s i  p re s su re  rise 
a t  350 lb / sec  of  l i q u i d  hydrogen w i t h  a 20% s t a l l  margin. 
p re s su re  was assumed t o  be 25 psi .  The  t u r b i n e  w i l l  be dr iven  by hydrogen gas  
a t  ambient temperature  boots t rapped from t h e  pump d ischarge  through a h e a t  
exchanger. 

Net p o s i t i v e  s u c t i o n  

As a design goa l ,  t h e  turbopump is t o  have a two-hob l i f e  span 
between overhauls  and t h e  c a p a b i l i t y  for  s i n g l e  ope ra t ing  d u r a t i o n s  of  30 minutes. 
Mechanically-sound ope ra t ion  up to  14,500 rpm is required.  

It i s  a l s o  necessary  t h a t  t h e  turbopump be able to fo l low commanded 
speed v a r i a t i o n s  a t  f r equenc ie s  up t o  b cps  and wi th  an amplitude of ?: 5% of 
nominal ope ra t ing  speed des i r ed ,  

R .  D E S I G N  MODIFICATIONS 

The s p e c i a l  requirements f o r  t h e  PHOEBUS a p p l i c a t i o n  n e c e s s i t a t e d  
some d e s i g n  modi f ica t ions  o f  t h e  M-1 f u e l  turbopump. 

The M-1  f u e l  turbopump was designed f o r  a l i q u i d  hydrogen flow rate 
o f  approximately 600 lb/sec; the re fo re ,  it does no t  have an  adequate s t a l l  
margin for t h e  PHOEBUS flow of 350 lb/sec (See F i g u r e  2). 

The pi-1 t u r b i n e  was designed f o r  low p res su re  r a t i o  ope ra t ion  using 
h o t  gas and would e x h i b i t  excess ive  t i p  leakage a t  t h e  PHOEBUS higher  p r e s s u r e  
r a t i o s  using hydrogen gas  at ambient temperature  as planned f o r  t h e  PHOEBUS 
app l i ca t ion .  

Essentially, t h e  M-1 fuel turbopump o p e r a t e s  a t  a s i n g l e  speed 
and head-capacity poin t  wh i l e  PHOEBUS m u s t  accommodate an ex tens ive  range of 
speed as well as wide flow range excursions.  The a t t e n d a n t  s h i f t s  i n  axial 
t h r u s t  r e q u i r e  t h a t  an axial t h r u s t  c o n t r o l  system be incorpora ted  i n t o  t h e  
PHOER US turbo p ump. 

The t h r u s t  bea r ings  used f o r  M - 1  are designed f o r  r e l a t i v e l y  cons tan t  
load w i t h  an expected l i f e - span  of one-hour while  a two-hour l i f e - s p a n  is  
required f o r  PHOEBUS as w e l l  as t h e  c a p a b i l i t y  t o  accept  l oad  v a r i a t i o n s ,  

Page 2 



TABLE 1 

DESIGN POINT SPECIFICATIONS, PHOEBUS TURBOPUMP 

PUMP 
7 

Par m e t e r s  

P r o p e l l a n t  
P r o p e l l a n t  Temperature ( i n l e t )  
P r o p e l l a n t  Density ( i n l e t  1 
S h a f t  Speed 
Tota l  Discharge Pressure  
To ta l  Suc t ion  Pressure 
Tota l  P res su re  Rise  
Tota l  Head Rise (Cavf ta t ing)  (based upon i n l e t  dens i ty )  
Weight Flow 
Capaci ty  (based upon i n l e t  dens i ty )  
S p e c i f i c  Speed (based on c a v i t a t i n g  head) 
EXf i c i e n c y  
F1 uid Horsepower 
Shaft  Horsepower 
Net P o s i t i v e  Suction Pressure  
S u c t i o n  S p e c i f i c  Speed 

TURBINE 

Gas 
S h a f t  Power 
Gas Weight Flow 
Gas I n l e t  T o t a l  Temperature 
Pressure R a t i o  
S t a t i c  Back Pressure 
Sha f t  Speed 
lFf f i c iency 
Gas I n l e t  To ta l  Pressure 
Nozzle Area 
S p e c i f i c  Heat 
S p e c i f i c  Heat Ratio 
Gas Constant 

SDeeif f e d  Value 

Liquid Hydrogen 
42 "R 
4.20 l b / f $  
11,500 r p m  
1460 p s i a  
60 p s f a  
1400 p s i  
48,000 f t  
350 lb /see  
34,400 gpm 
675 
77 05% 
30,900 fhp  
376200 bhp 
25 p s i  
14 400 

Gaseous Hydrogen 
37,200 hp 
5L05 lb / sec  
60 "F 
7035 
60 p s i a  
11,500 rpm 
62% 
444 psfa  
20.25 in., 
3e47S Btu/ lb-% 

771.5 f t - l b f  
l b m - 3  

10399 
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The PHOIBUS a p p l i c a t i o n  r e q u i r e s  t h a t  t h e  turbopump C , . , ~ _ P  for 
extended per iods wi th in  a range o f  speeds up t o  a nominal of 1 1 , ~ O O  rpm. 
Therefore ,  t h e  b l ad ing  must be free from harmful n a t u r a l  f r equenc ie s  excited 
t o  resonance a t  t h e  lower speeds. 

1. Inducer  

The inducer  was redesigned t o  maintain approximately t h e  
same flow c o e f f i c i e n t  as t h e  M-1,  
t i p  diameter and a l a r g e r  hub throughout,  Also, t h e  ex i t  vane ang le  has  been 
increased  t o  accommodate a wider range  of f low c o e f f i c i e n t  wi thout  c a v i t a t i o n  
o f  t h e  s t a t o r ,  

Th i s  redesigned inducer  has  a reduced i n l e t  

2. Inducer  S t a t o r  

The M-1  inducer s t a t o r  vane contours  were r e t a fned  b u t  t h e  
shroud dimensions were changed t o  match t h e  new inducer  and f a i r e d  smoothly 
i n t o  t h e  t r a n s i t i o n  s t a g e ,  

3. T r a n s i t i o n  S tage  

The t r a n s i t i o n  s t a g e  was redes igned  to  match t h e  new v e l o c i t y  
p r o f i l e  l eav ing  t h e  inducer  s t a t o r ,  and t o  provide  a nearly-uniform head and 
v e l o c i t y  d i s t r i b u t i o n  t o  t h e  remaining stages, 

4. Main S tages  

The main s t a g e  r o t o r  b lades  were reduced i n  he ight  o n l y  by 

However, modif ied stator Eloxing e l e c t r o d e s  w i l l  be  r equ i r ed ,  
trimming t h e  blade t i p s .  
modi f ica t ions  

The e x i s t i n g  r o t o r  b lade  t o o l i n g  does n o t  r e q u i r e  

5. Turbine 

Honeycomb seals were added a t  t h e  pe r iphe ry  of t h e  t u r b i n e  
wheels t o  prevent excess ive  t i p  leakage ,  A s i m p l i f i e d  t u r b i n e  exhaust m a n i -  
f o l d ,  which includes l a r g e r  exhaus t  p o r t s  t o  minimize t u r b i n e  back-pressure,  
i s  a l s o  planned, 

6. Thrus t  Bearings 

The M - 1  t h r u s t  bear ings were a l t e r e d  to i n c o r p o r a t e  a s f n g l e  
curvature o u t e r  race i n s t e a d  of t h e  nGothic Arch" to e l i m i n a t e  t h e  p o s s i b i l i t y  
of  t h ree -po in t  c o n t a c t  under high-speed, l i gh t - load  cond i t ions ,  
bea r ings  as w e l l  as t h e  bear ing  coolan t  system are unchanged. 

The r o l l e r  

7 *  A x i a l  Thrus t  Con t ro l  

Valves were provided i n  t h e  PHOEE3US ba lance  p i s t o n  b l eed  
l i n e s  t o  c o n t r o l  n e t  axial  t h r u s t .  
p re s su re  switch as pump speed rises, while  the second (and poss ib ly  a t h i r d  
va lve)  i s  t r iggered  c losed  by a speed s i g n a l ,  
open i n  r e v e r s e  order  as speed decays. 

The f i r s t  valve i s  t r i g g e r e d  c l o s e d  by a 

These v a l v e s  are t r i g g e r e d  to 
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8. SDecial  Fea tures  

. 

S p e c i a l  f e a t u r e s  i n  the  form of r o t o r  dynamic p o s i t i o n  
sensors  and a r o t o r  l o c k  were provided i n  t h e  PHOEBUS design. Also, t h e  
design provides  f o r  t h e  incorpora t ion  of  a s l i p - r i n g  assembly f o r  backup 
torque measurements and t o  allow s t r a i n  gage ins t rumenta t ion  of t h e  r o t o r  
blading. 

C. PERFORMANCE ANALYSIS AND AXIAL THRUST PREDICTION 

Design and off-design head-capacity as w e l l  as s t a l l  l i n e  pre-  
d i c t i o n s  were made using analysis techniques i d e n t i c a l  t o  those  used f o r  M-1. 
The method has  been checked wi th  data from 3/8-scale model M-1 f u e l  pump 
tests using water as t h e  t e s t  f l u i d .  
t h e  a c t u a l  head-capacity curve w i l l  have less s lope  than t h e  p r e d i c t e d  curvee 
The s t a l l  l i n e  p r e d i c t i o n  was w i t h i n  2% o f  t h e  measured value.  

These empir ica l  results i n d i c a t e  t h a t  

Axial  t h r u s t  has been analyzed i n  d e t a i l  f o r  s t eady- s t a t e  con- 
d i t i o n s  over  t he  e n t i r e  ope ra t ing  map. 
a n a l y s i s  l e a v e s  some degree of unce r t a in ty  as t o  t h e  results, it was found 
t h a t  t h e  t h r u s t  c o n t r o l  system has an ex tens ive  over -capac i ty  which would 
provide f o r  c o r r e c t i o n  of  any poss ib l e  s u b s t a n t i a l  v a r i a t i o n s  from t h e  pre-  
d i c t e d  t h r u s t  values .  
i s  permiss ib le  f o r  a two-hour t h r u s t  b e a r b g  l i f e .  

Although t h e  complexity of t h i s  

It is es t imated  that a maximum n e t  t h r u s t  of 20,000 l b  

D. STRESS AND VIBRATION ANALYSE 

Comprehensive stress and v i b r a t i o n  ana lyses  of a11 turbopump 
b lad ing  were performed. I n  some cases ,  i t  was poss ib l e  t o  v e r i f y  t h e  
a n a l y s i s  methods by using empi r i ca l  results from t h e  M - 1  b lade  v i b r a t i o n  
t e s t s .  
f a c t o r y ,  but  t he  v i b r a t i o n  a n a l y s i s  d i sc losed  seve ra l  ope ra t ing  speeds which, 
it is  p red ic t ed  w i l l  produce b l ade  resonancese 
f i n d i n g s  is d e t a i l e d  i n  t h e  appropr ia te  t e c h n i c a l  d i scuss ion ,  De ta i l ed  
stress c a l c u l a t i o n s  were a l s o  made f o r  o t h e r  modified parts o r  e x i s t i n g  p a r t s  
running at  new condi t ions .  
safety. 

The s t eady- s t a t e  s t r e s s  l e v e l s  of  a l l  blading was found t o  be satis- 

The s i g n i f i c a n c e  of t h e s e  

A l l  parts were found to have p o s i t i v e  margins of 

A l l  running c learances  and s p l i n e  f i t s  were reviewed. The PHOERUS 
s p l i n e  f i t s  are e i t h e r  t h e  same as f o r  t h e  M-1  or  s l i g h t l y  t i g h t e r  because 
t h e  lower speed reduces c e n t r i f u g a l  growth, Running c l ea rances  are e i t h e r  
t h e  same o r  s l i g h t l y  g r e a t e r  than used f o r  M-1 except  a t  t h e  inducer ,  where 
t h e  t i p  c l ea rances  was i n t e n t i o n a l l y  reduced t o  0.090-in. from the  0,lSO-in. 
used f o r  M-1. 

E. BEARING COOLANT FWXnJ ANALYSIS 

Bearings f o r  t h e  PHOEBUS a p p l i c a t i o n  w i l l  be run a t  lower speeds 
and l o a d s  than i n  t h e  M-1. 
thereby  a s su r ing  more than adequate coolan t  flow. 

However, t h e  bear ing  coolan t  system w a s  una l te red ,  
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F. COMPUTER MODEL OF PHOEBUS TURBOPUMP 

Work was i n i t i a t e d  t o  adap t  t h e  M - 1  d i g i t a l  computer model t o  
t h e  PHOEBUS turbopump. When completed, t h i s  model w i l l  permi t  dynamic 
s t u d i e s  t o  be made of t h e  turbopump ope ra t ion  i n  t h e  E-Area t e s t  s t and  
(Aerojet-General)  as well as i n  t h e  r e a c t o r  f a c i l i t y  (NRDS). 
axial  t h r u s t  condi t ions can be p red ic t ed  as w e l l  as t h e  a n a l y t i c a l  response 
o f  t h e  turbopump t o  4-cps speed commands. 
been completed. 

Also, t r a n s i e n t  

The b a s i c  computer program has 

G.  BASIC MECHANICAL DESIGN TASKS 

Each modi f ica t ion  o f  t h e  M-1 f u e l  turbopump was f u l l y  supported 
by a p p r o p r i a t e  mechanical design e f f o r t  t o  i nco rpora t e  t h e  change i n t o  t h e  
PHOEBUS turbopump. 
c a t i o n s  by means o f  a Basic  P a r t s  L i s t .  

This  e f f o r t  included complete d e f i n i t i o n  of  t h e  modifi-  

H .  PLUMBING 

Deta i l ed  a n a l y s i s  and design o f  plumbing f o r  t h e  r e a c t o r  f a c i l i t y  
i n s t a l l a t i o n  has been completed. 
were completed, 
t u r b i n e  i n l e t  and exhaust  lines would be supp l i ed  by Aeroje t -Genera l ,  

Also, a p o r t i o n  o f  t h e  d e t a i l e d  drawings 
It i s  planned t h a t  pump i n l e t  and d i scha rge  l ines  as well as 

I. SHIPPING CONTAINER AND FACILITY MOUNT 

Design of  t h e  shipping con ta ine r  and t h e  NRDS r e a c t o r  f ac i l i t y  
turbopump mount were completed. 

J. DRAFTING 

A l l  major d r a f t i n g  e f f o r t  i n  connect ion wi th  t h e  M - 1  f u e l  tu rbo-  
pump des ign  modi f ica t ions  was completed and t h e  drawings a re  o n  f i l e ,  
remaining work which w i l l  be  accomplished dur ing  Phase 11, c o n s i s t s  of minor 
s h o r t  l e a d - t h e  hardware items and commercial item c a l l o u t s ,  

The 

K, PERT 

A s i g n i f i c a n t  e f f o r t  was d i r e c t e d  toward evolv ing  a comprehensive 
PERT network f o r  t h e  M-1 Fue l  Turbopump Modification Program. 
t i g h t  Phase I1 schedule r equ i r ed  t h a t  c l o s e  c o n t r o l  o f  a l l  a s p e c t s  of  t h e  
procurement and assembly schedules  be maintained, 
prepared i s  comparable t o  t h a t  f o r  t h e  M-1 f u e l  turbopump. 

The re la t ively 

The PHOWUS PERT network 

L. QUALITY CONTROL 

Quality Control  planning f o r  t h e  M-1 Fue l  Turbopump Modif ica t ion  
Program is based upon MPC 200-2, 
s t reaml ined  t o  minimize c o s t s  wi thout  d e t r a c t i n g  from i t s  e f f e c t i v e n e s s  and 
is  d e t a i l e d  i n  the appropr i a t e  t e c h n i c a l  d i scuss ion ,  

This  q u a l i t y  c o n t r o l  program has been 
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W. DESIGN PRODUCIBILITY STUDIES 

To assure t h a t  no delays would be  encountered i n  f a b r i c a t i n g  
t h e  modified guidevane housing ( inducer  s t a t o r )  c a s t i n g  as well as the  
new inducer ,  design p r o d u c i b i l i t y  s t u d i e s  were conducted i n  both cases. 
A c a s t i n g  p a t t e r n  was f a b r i c a t e d  for the  guidevane housing and a computer 
programing system f o r  0mni.mil generat ion o f  the inducer  b lad ing  was demons- 
t ra ted by c u t t i n g  a pro to type  PHOEBUS inducer  * 
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111. CONCLUSIONS AND RECOMMENDATIONS 

A s  a resul t  of t h e  M - 1  Fue l  Turbopump Modif ica t ion  Study, t h e  
fo l lowing  conclusions are presented.  

1. There are no major design o r  f a b r i c a t i o n  problems involved 
i n  adapt ing  t h e  M-1  f u e l  turbopump t o  t h e  PHOEBUS feed  system requirements.  

2. The modified N - 1  f u e l  turbopump w i l l  have adequate  s ta l l  
margin and a broad range of  ope ra t ing  c a p a b i l i t y .  

3. The modified M-1 f u e l  turbopump can be plumbed d i r e c t l y  
i n t o  e x i s t i n g  r e a c t o r  f a c i l i t y  plumbing, 

4. The PHOEBUS hydrau l i c  performance requirements  are s i g n i -  
As a r e s u l t ,  t h e  PHOEBUS turbopump f i c a n t l y  less than  t h e  M-1 requirements ,  

has a s u b s t a n t i a l  mechanical over-design along wi th  a n  a t t e n d a n t  p o t e n t i a l  
f o r  l o n g - l i f e  and extended ope ra t ing  range. 

5. An axial t h r u s t  c o n t r o l  system w i l l  be  r e q u i r e d  t o  main ta in  
bea r ing  loads  w i t h i n  the  p r e d i c t e d  necessa ry  levels  f o r  a two-hour ope ra t ing  
l i f e .  More than  adequate c o n t r o l  can be achieved by t h e  use of off-on 
va lves  i n  t h e  t h r u s t  p i s ton  r e t u r n  lines, 

6. 
f o r  t h e  PHOEBUS app l i ca t ion .  

The M - 1  bear ing  coo lan t  supply system is more than  adequate 

7. Analyses o f  b lad ing  v i b r a t i o n  modes and f r equenc ie s  have 
shown t h a t :  

a. S u f f i c i e n t  i n t e r n a l  damping is  a v a i l a b l e  t o  eliminate 
m a n y  f requencies  from cons ide ra t ion ,  

b. The s t a t o r  shroud des ign  could be modified t o  allow 
f o r  a t t a c h i n g  two o r  more b lades  toge the r ,  thereby  e l i m i n a t i n g  a n  addi- 
t i o n a l  group of f r equenc ie s ,  

C. 

time a t  p a r t i c u l a r  speed l e v e l s  where undes i rab le  f r equenc ie s  cannot  
o therwise  be avoided, 

Cons idera t ion  should be g iven  to l i m i t i n g  o p e r a t i n g  

A. CONCLUSIONS 

8. Areas i n  which p o t e n t i a l  f a b r t c a t i o n  problems could  be 
encountered because of t h e  uniqueness of PHOEBUS hardware have been r e so lved  by 
completing a guidevane housing c a s t i n g  p a t t e r n  and genera t ing  a pro to type  
PEOEE3US inducer.  
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9. The t u r b i n e  has s i g n i f i c a n t  excessive power c a p a b i l i t y  t o  
assure s a t i s f y i n g  t h e  requirement f o r  4-cps speed response capab i l i t y .  

10. The th ree - s t age  turb ine ,  s p e c i f i c a l l y  designed f o r  t h i s  
a p p l i c a t i o n ,  could  reduce t h e  requi red  t u r b i n e  weight f low of gaseous 
hydrogen by approximately 2% t o  25%. 

E. RECOMMENDATIONS 

1. The modified M - 1  f u e l  turbopump desc r ibed  he re in  is recom- 
mended f o r  t h e  PHOEBUS app l i ca t ion .  The wide ope ra t ing  range along w i t h  t h e  
upra t ing  c a p a b i l i t y  of  t h i s  turbopump provide r eady-adap tab i l i t y  t o  e x i s t i n g  
r e a c t o r  requirements as w e l l  as permi t t ing  accommodation o f  a s u b s t a n t i a l  
i nc rease  i n  r e a c t o r  o p e r a t i n g  leve ls  i n  t h e  f u t u r e .  

2 . To conserve hydrogen, t he reby  inc reas ing  run dura t ion  
c a p a b i l i t y  and reducing cos t ,  a ltworkhorsell th ree-s tage  turbine should be 
cons idered  f o r  t h i s  app l i ca t ion .  

3. To accommodate t u r b i n e  gas flow rates ranging upward from 
50 lb / sec ,  t h e  r e a c t o r  f ac i l i t y  p a r a l l e l  t u r b i n e  exhaus t  l i n e  s i z e s  should 
be inc reased  t o  approximately l s - in .  ( i n s i d e  diameter) .  
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N e  TECHNICAL DISCUSSION 

A. DESIGN REQUIREXENTS 

1, Technical  Requirements f o r  t h e  Modified Pump 

a. The nominal ope ra t ing  p o i n t  is 300 lb /sec  
d e l i v e r e d  hydrogen f low rate a t  a p res su re  rise o f  1400 p s i ,  p lus  approximately 
55 l b / sec  tu rb ine  b o o t s t r a p  flow, 

b. A minimum of 20% margin t o  the  s t a l l  l ine  
(For t h i s  s t u d y ,  s t a l l m a r g h  is  de f ined  as weight  a t  t h e  nominal point. 

f low rate margin along a cons t an t  1400 p s i  p r e s s u r e  d f f f e r e n t i a l  l i n e  wi th  
t h e  nominal flow rate de f ined  as t h e  de l ive red  f low rate p l u s  50 lb / sec ,  
which i s  an allowance f o r  t h e  t u r b i n e  requirement.)  

c e  The r equ i r ed  area o f  o p e r a t i o n  is shown in 
F igure  1. The l i m i t  l i ne  on t h e  minimum flow rate  s i d e  o f  the  envelope 
is  de f ined  by the  s t a l l  l i m i t s  de l inea ted  fn Item b above, 

d. No major e f f o r t s  are t o  be made t o  improve 
performance o u t s i d e  of  t h e  s p e c i f i e d  areao 

e. Turbine gas a t  a t u r b i n e  i n l e t  p re s su re  o f  
h 0  p s i  is t o  be der ived  by boots t rapping  a p a r t  of the  pump flow through 
a water - to- l iqu id  hydrogen hea t  exchangero 

f ,  Nominal t u r b i n e  i n l e t  temperature  is 520°R. 

g o  Cont ro l  systems w i l l  n o t  be f u r n i s h e d  by 
t h e  c o n t r a c t o r  b u t  speed s i g n a l s  and an overspeed safety device are requ i r ed  
f o r  t h e  turbopump package, 

h, The turbopump m u s t  be  a b l e  to f o l l o w  a 4-cps 
s i n e  wave speed command s i g n a l  a t  nominal speede 

io The pump s h a l l  be  mechanical ly  sound when 
opera ted  a t  1)1,500 rpm. 

J,, The maximum a v a i l a b l e  NPSP is assumed t o  
be 25 p s i  and t h e  pump should r e q u i r e  no h igher  NPSP when ope ra t ing  wi th in  
the  envelope of F igure  1, (For this s tudy ,  it is a l s o  assumed t h a t  no 
va lues  o f  NPSP less than  25 p s i  w i l l  be  supp l i ed , )  

k, The pump s h a l l  be  capable  o f  running con- 
t i nuous ly  f o r  30 minutes and have as a goa l ,  a two-hour o p e r a t i n g  l i f e  
wi thout  dissassembly, 
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1. A f e a s i b i l i t y  s t u d y  i s  to  be conducted f o r  i n s t a l -  
l a t i o n  of  a r o t o r  locking  device and a proximity measuring device  f o r  
radial  and a x i a l  movement of t h e  ro to r .  

2. Analysis  E f f o r t  

a. New axial t h r u s t  a t  t h e  nominal and of f -des ign  
cond i t ions .  

b, S t r e s s  ana lys i s  of a l l  modif ied p a r t s  o r  e x i s t i n g  
p a r t s  ope ra t ing  a t  new condi t ions .  

C. Vibra t ion  analyses of all b lad ing  and r o t o r  d i s c s .  

d. Determination of c r i t i c a l  speed of  t h e  modified 
r o t a t i n g  assembly. 

e. Bearing coolant f low over  t h e  e n t i r e  ope ra t ing  
range. 

f .  Performance o f  t h e  t u r b i n e  under t h e  expected 
nominal and of f -des ign  conditions.  

g, Running c learance  and s p l i n e  f i ts  f o r  p a r t s  ope ra t -  
i n g  under cond i t ions  d i f f e r e n t  from those  f o r  t h e  c u r r e n t  14-1 f u e l  turbopump. 

h. Deta i led  s tudy  of necessa ry  mod i f i ca t ions  t o  t h e  
axial  f low blading t o  meet t h e  design requirements .  

i. Study of  con t ro l  and s a f e t y  requirements  t o  assure 
s a f e  ope ra t ion  f o r  30  minutes. 

3. Addi t iona l  Information 

a. A requirement was added f o r  a 30-sec run du ra t ion  
Also, one f o r  d e f i n i t i o n  o f  t h e  a t  t h e  overspeed cond i t ion  of 14,500 rpm. 

pumping system envelope dimensions and a l lowable  f l a n g e  loads  . 
b. A c a p a b i l i t y  f o r  a 4-cps speed v a r i a t i o n  of 

2 5% amplitude at t h e  nominal speed cond i t ion  was added. 
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B. COMPARISON OF PHOEBUS DESIGN REQUIREMENTS W I T H  THE 
UMMDDIFIED M-1 FUEL TURBOPUMP 

Figure  2 shows the  nominal and upra ted  PHOEBUS ope ra t ing  
p o i n t s  on a p l o t  o f  t h e  M-1 fuel  pump p res su re  r ise  versus weight flow 
rate f o r  l i n e s  of c o n s t a n t  speed. 
n o t  have a n  adequate s t a l l  margin f o r  t h e  reduced f l o w r a t e s  o f  t h e  PHOEBUS 
requirements.  Design modi f ica t ions  are requ i r ed  i n  t h e  h y d r a u l i c  passages 
and i n  t h e  pump blading geometry. F i g u r e  3 shows t h e  non-dimensional pre- 
d i c t e d  performance f o r  t h e  modified turbopump. 

The unmodified M-1 f u e l  turbopump does 

The M - 1  Model I1 f u e l  t u r b i n e  s t a g e s  were designed e s s e n t i a l l y  
as impulse s tages .  Operat ion of  t h e  t u r b i n e  using hydrogen gas  a t  ambient 
temperature  a t  t h e  PHOEBUS speeds and powers r e s u l t s  i n  a re la t ively l a r g e  
r e a c t i o n  which raliseS .= ~=rzr;a.;-a di-wp and l eakage  a c r o s s  t h e  r o t o r s .  No 
p rov i s ion  was made i n  t h e  M-1 design for s e a l i n g  on t h e  r o t o r  o u t e r  shrouds. 
It is  advantageous t h a t  such s e a l i n g  be provided in the  PHOEBUS design. 
The l eakage  l o s s e s  are d i scussed  and a d e s c r i p t i o n  of t h e  proposed t u r b i n e  
des ign  modi f ica t ions  are presented  i n  t h e  a p p r o p r i a t e  t u r b i n e  des ign  dis-  
cussion.  

A "Gothic Arch" t h r u s t  bear ing  o u t e r  race conf igu ra t ion  w a s  
A t  h igh  used i n  t h e  M-1 f u e l  turbopump, to minimize axial r o t o r  travel. 

speeds and low axial t h r u s t  l oads ,  th ree-poin t  c o n t a c t  o f  t h e  b a l l s  can 
occur  wi th  such geometry. This  p r e s e n t s  no problem f o r  t h e  M-1 design, 
which has e s s e n t i a l l y  o n l y  a s i n g l e  steady-state ope ra t ing  p o i n t j  however, 
it may pose a problem i n  t h e  PHOEBUS a p p l i c a t i o n  where t h e  t h r u s t  l o a d  on 
t h e  bear ing  may vary at h igh  speeds because of  t h e  a c t i o n  o f  t h e  t h r u s t  
c o n t r o l  system. Therefore ,  it is planned t o  use  a convent ional  s ing le -  
cu rva tu re  o u t e r  r ace  conf igu ra t ion  i n  t h e  t h r u s t  bea r ings  i n  t h e  PHOEBUS 
a p p l i c a t i o n  t o  extend t h e  low-load ope ra t ing  c a p a b i l i t y  o f  t h e  bear ings  a t  
high speeds. 

The c u r r e n t  M - 1  t h r u s t  bea r ings  are des igned  t o  o p e r a t e  a t  
a t h r u s t  l oad  of 35,000 l b  and a speed of  13,300 Ppm f o r  one hour. 
ach ieve  t h e  two-hour ope ra t ing  l i f e  f o r  t h e  PHOEBUS a p p l i c a t i o n ,  t h e  t h r u s t  
ba lance  con t ro l  system is designed t o  l i m i t  t h e  maximum load  t o  20,000 l b .  
A t  t h e  reduced load,  b e t t e r  axial  s t a b i l i t y  of t h e  r o t a t i n g  assembly i s  
ob ta ined  i f  ha l f  of t h e  B e l l e v i l l e  s p r i n g  s t a c k s  used i n  t h e  PI-1 des ign  are 
removed. To limit t h e  bea r ing  axial  t h r u s t  f o r c e ,  c o n t r o l  valves m u s t  be  
i n s t a l l e d  i n  the t h r u s t  ba l ance  p i s t o n  r e t u r n  f low l i n e s .  
are d e t a i l e d  under the  Power Transmission Assembly d iscuss ion .  

To 

These changes 
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The e x i s t i n g  pi-1 f u e l  pump design has no p rov i s ion  f o r  lock-  
b ig  t h e  ro to r ,  o r  measuring axial o r  radial r o t o r  p o s i t i o n  dur ing  opera- 
t i o n .  Details o f  proposed modi f ica t ions  t o  inco rpora t e  t h e s e  features are 
d i scussed  under S p e c i a l  Fea tures .  

In a d d i t i o n  to t h e  modi f ica t ions  which stem d i r e c t l y  from t h e  
s p e c i a l  PHOEBIJS design requirements ,  t h e  fol lowing are d e s i r a b l e  modifica- 
t i o n s .  They are a l s o  d e t a i l e d  i n  t h e  S p e c i a l  Fea tu res  d iscuss ion .  

1. A r o t o r  breakaway and running torque  measuring device,  
which w i l l  provide a more convenient method of performing t h i s  ope ra t ion  
i n  t h e  NRDS i n s t a l l a t i o n  where c l ea rance  between t h e  turbopump and f l o o r  
level  is l imi t ed ,  

2. A s t r a i n  gauge/s l ip  r i n g  device  f o r  measuring ope ra t -  
i n g  torque which is intended as a n  a l t e r n a t i v e ,  p a r t i c u l a r l y  f o r  low torque  
l e v e l s ,  where t h e  e x i s t i n g  M-1 dev ice  may not  be accura te .  

3. Devices f o r  measuring pump r o t o r  and stator vane s t r a i n s  
would be used t o  check stresses during development t e s t i n g ,  p a r t i c u l a r l y  
those  which a re  dynamic i n  na tu re ,  

C. PUMP HYDRODYNAMIC DESIGN MODIFICATIONS AND Pl”ORKBNCE 
ANALYSIS 

The design o b j e c t i v e  was t o  modify t h e  M-1 axial flow f u e l  
pump f o r  t h e  PHOEBUS a p p l i c a t i o n  wi th  a minimum amount o f  hardware change. 
To ach ieve  t h i s  o b j e c t i v e ,  a s t u d y  w a s  conducted t o  determine t h e  necessary  
mod i f i ca t ions  , 

The a n a l y s i s  showed t h a t  by main ta in ing  t h e  M-1 des ign  flow 
c o e f f i c i e n t ,  the  major modi f ica t ions  would c o n s i s t  o f  a r educ t ion  i n  
hydrau l i c  passage height  as w e l l  as a r e d e s i g n  o f  inducer  and t r a n s i t i o n  
s t ages .  Because o f  t h e  inducer  s t a t o r  c a s t i n g  complexity,  mod i f i ca t ion  
t o  t h i s  element was l i m i t e d  t o  mer id iona l  contour p r o f i l e s ,  which imposed 
a d d i t i o n a l  requirements upon both t h e  upstream and downstream elements. 
The PHOEBUS inducer r o t o r  was designed t o  meet s u c t i o n  performance requi re -  
ments while  producing a g r e a t e r  perbentage o f  t h e  t o t a l  head rise. The 
PHOEBUS t r a n s i t i o n  s t a g e  was desigSled as a l igh t ly - loaded  s t a g e  which would 
f l a t t e n  the  head d i s t r i b u t i o n  and provide t h e  f irst  main s t a g e  r o t o r  wi th  
t h e  proper  f low condi t ions.  

F igure  4 shows t h e  hydraul ic  passage dimensions of t h e  modified 
pump. Table  2 is a l i s t i n g  of t h e  c r f t i c a l  dimensions and design parameters 
f o r  both t h e  M-1 f u e l  turbopump and the  M - 1  f u e l  turbopump as modifie‘d 
f o r  PHOEBUS. 
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TABLE 2 

MODIFIED PUMP BLADING 

Induc er S tag  e 

Type of Inducer 

Number of Rotor Blades 

I n l e t  T ip  Radius (in.) 

I n l e t  Radius Rat io  

Blade I n l e t  Angle at Tip (Degrees) 

Max, Hub Thickness t o  M a x .  Height Rat io  

Max. Thickness to M a x .  Height Rat io  

Max. P red ic t ed  S t r e s s  (ksi) 

Design Suct ion  S p e c i f i c  Speed 

Nominal Suct ion  S p e c i f i b  Speed 

0 I n l e t  Nominal No Blockage 

Trans i t i on  S tage  

Type of Blade 

Number Rotor Blades 

Number S t a t o r  Blades 

T/C Hub Rotor 

T/C Hub S t a t o r  

$ Discharge Nominal (No Blockage) 

p4-1 

Cambered 

6 

9.6 

0.45 

5-92 

1.0 

0.189 

30.8 

20,000 

21,400 

- 

0,0779 

c -4 

31 

45 

0,lO 

0.08 

0.381 

PHOEBUS 

F l a t  P l a t e  

6 

8.9 

0.55 

7.65 

0.851 

0.213 

32.4 

49,700 

14,200 

0.0765 

c-4 

31 

45 

0.12 

0.12 

0.374 
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The a c t u a l  b lade  p r o f i l e s  have been omi t t ed  from t h i s  r epor t  
because of  t h e  ex tens ive  d e s c r i p t i o n  a s soc ia t ed  w i t h  t h e  b lade  ( t e n  pro- 
f i l e s  per blade) .  

Blade coord ina te s  f o r  a l l  elements, e x c e p t  t h e  inducer  r o t o r ,  
were computed using s t anda rd  C-4 s e c t i o n  p rope r t i e s .  
b l ade  coord ina tes  f o r  machining and in spec t ion  were c a l c u l a t e d  by an 
impe l l e r  des ign  computer program. 
t h e  inducer  d iscuss ion ,  r equ i r ed  b l ade  angle d i s t r i b u t i o n  a t  t i p  and hub, 
contour  shape, and b l ade  th ickness  d i s t r i b u t i o n  a t  t i p  and hub as corn- 
p u t e r  i npu t .  

The inducer  r o t o r  

This  program, which is  d e l i n e a t e d  i n  

1. Inducer S t a g e  

The inlet  geometry was determined us ing  t h e  method 
descr ibed  by Le B. S t r i p l i n g  i n  h i s  paper d i scuss ing  c a v i t a t i o n  i n  turbo-  
pumps(1) . 
r ad ius  r a t i o ,  and i n l e t  inc idence  angle  to b lade  angle  r a t i o  ( , i /p) .  
design f low rate o f  350 lb / sec  was used, 
by t h e  main s t a g e  b ladfng  (flow c o e f f i c i e n t  and s t a l l  margin). 
r a d i u s  s e l e c t e d  was t h e  same as the  e x i s t i n g  inducer  s t a t o r  i n l e t  r a d i u s  
(8.900-in.) to o b t a i n  a c y l i n d r i c a l  inducer. 
t o  4.0-in. because o f  stress and v i b r a t i o n a l  eons idera t ions .  
r a t i o  was obta ined  from e x i s t i n g  t e s t  data, which show t h a t  m a x i m u m  s u c t i o n  
performance occurs  a t  a value of 0.425. 
inducer  is  expected t o  be capable  o f  good s u c t i o n  performance wh i l e  ope ra t -  
i n g  a t  re la t ively low stress levels. 
h9,700. 
opera t ing  point.  

The necessary  design parameters were speed, f low, t i p  rad ius ,  
A 

The speed was se t  a t  11,500 rpm 
The t i p  

The L /@ 
Blade h e i g h t  w a s  l i m i t e d  

With t h e s e  des ign  parameters,  t h e  

The design s u c t i o n  s p e c f f i c  speed is 
Maximum pred ic t ed  b l ade  stress i s  32,4 ksf a t  t h e  "worst case" 

The inducer  r o t o r  d i scharge  geometry was set  by t h e  
r equ i r ed  s t a g e  head rise and t h e  necessary  hydraul ia  match w i t h  t h e  exist-  
i n g  s t a t o r  b lade  form. To determine t h e  optimum discharge  geometry, a 
parametr ic  s tudy  w a s  conducted w i t h  d i scharge  b l a d e  angle  and d ischarge  
hub and t i p  r a d i i  as v a r i a b l e s .  

If the  d ischarge  t i p  diameter was reduced below 8.9-h., 
t h e  b e n e f i t  o f  t h e  e x i s t i n g  l a r g e  s t a t o r  i n l e t  angles  a t  t h e  o u t e r  shroud 
would be l o s t  because they  would be covered by the shroud. The high 
s t a t o r  i n l e t  angles  are necessa ry  to m a i n t a h  reasonable  s t a t o r  inc idence  
because o f  t he  high wh i r l  v e l o c i t i e s  i n  t h e  f l u i d  l e a v i n g  t h e  t i p  o f  the  
r o t o r  discharge,  
maxbum (equal  t o  t h e  M-l). ,  

Therefore,  t h e  r o t o r  d i scharge  r a d i u s  was s e t  a t  t h e  

(1) ASME Paper No, 61-WA-98, Volume 8b0 1962, L. B, S t r i p l i n g ,  
C a v i t a t i o n  i n  Twbopumps, Pa r t  2. 
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As shown in Figure  5, t h e  s t a t o r  incidence angle  
decreases  wi th  inc reas ing  r o t o r  hub r ad ius ,  b u t  is only  s l i g h t l y  inf luenc-  
ed by the  inducer  r o t o r  d i scharge  vane angle,  F i g u r e  6 .  
par i sons ,  which are shown a t  t h e  des ign  poin t ,  a hub r a d i u s  of  7.2-in. 
was s e l e c t e d .  
l i n e )  t o  t h e  s t a t o r  a t  t h e  design p o i n t  whi le  main ta in ing  t h e  requi red  
s t a l l  maygin 

From these  com- 

This  provides  p o s i t i v e  inc idence  (2  degrees  a t  mean stream- 

Pred ic t ed  inducer r o t o r  head r ise  a t  t h e  design po in t  
was 9760 fee t  wi th  d ischarge  b lade  angles  of 19.8 degrees  a t  t h e  t i p  and 
26.0 degrees  a t  t h e  hub. Th i s  he d rise r e s u l t s  in a n  inducer des ign  
s p e c i f i c  speed of 2,200 rpm gpm172. The t o t a l  r o t o r  blade ang le  d i s t r i b u -  

t i o n  a t  t i p  and hub are shown i n  Figure?.  
th ickness  d i s t r i b u t i o n  are shown i n  F igures  8 and  g P  r e spec t ive ly .  

f t3 /4  
Inducer  blade wrap angle  and 

The inducer  non-cavi ta t ing  performance (head r ise and 
d ischarge  v e l o c i t y  d i s t r i b u t i o n )  was determined us ing  a two-dimensional 
axi-symmetric so u t i o n  where simple r a d i a l  equi l ibr ium is assumed t o  
ex i s t ,  dh/dr = Vi . This  assumption appears  t o  b e  j u s t i f i e d  f o r  t h i s  

des ign  because t h e  s t r eaml ine  curva ture  is  small n e a r  t h e  d i scha rge  as 
can be seen  from t h e  inducer p r o f i l e ,  F i g u r e  10. 
r a d i a l  equi l ibr ium equat ion is performed i n s i d e  t h e  blade,  where t h e  f l u i d  
ang le  is known, and progresses  o u t s i d e  t h e  blade,  where t h e  f l u i d  angular  
momentum is  assumed t o  remain constant .  Inducer  l o s s  c o e f f i c i e n t s  assumed 
were t h e  same as t h o s e  used f o r  t h e  M - 1  design. The va lues  assumed were 
0.15 a t  t h e  hub, 0.08 near  t h e  mean streamline and 0,30 a t  t h e  t i p .  These 
va lues  were based upon NASA d a t a  f o r  a ser ies  o f  inducers  ( s e e  F i g u r e  11). 

- 
g r  

The s o l u t i o n  o f  t h e  

The inducer  s t a t o r  serves two func t ions :  it i s  a 
hydrau l i c  guide vane; and a s t r u c t u r a l  suppor t  ( con ta in ing  coo lan t  supply 
passages)  f o r  t h e  pump bear ings .  
used wi th  modi f ica t ion  t o  t h e  shroud contours.  A t  t h e  i n l e t ,  t h e  hub 
r a d i u s  w i l l  be increased  from 6.8-in. t o  7.2-in. Discharge r a d i i  are 
changed t o  6.8-in. a t  hub and 7.75’-in. a t  t i p .  
w i l l  be  conica l  from i n l e t  t o  discharge.  
annulus was placed a t  t h e  maximum r a d i u s  t o  take advantage of  t h e  e x i s t f i g  
high i n l e t  vane ang le s  a t  t h e  o u t e r  shroud s t r eaml ine .  

The M - 1  s t a t o r  c a s t i n g  p a t t e r n  w i l l  be  

Both t i p  and hub contours  
As prev ious ly  noted, t h e  i n l e t  

In M - 1  subsca le  f u e l  pump t e s t i n g ,  it appeared t h a t  
t h e  inducer  s t a t o r  d id  n o t  s t a l l  a t  t h e  f lows  above 8% o f  nominal. 
t h i s  r eason  as w e l l  as t h e  d i f f i c u l t y  involved i n  producing new b l a d e  
forms, no changes were made i n  t h e  blade shape. 
show predic ted  r o t o r ,  stator, and ove r -a l l  s t a g e  performance f o r  t h e  inducer  
s t a g e  . 

For 

F igu res  1 2  through 14  
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2. T r a n s i t i o n  S tage  

The t r a n s i t i o n  s t age ,  which was completely redesigned 
f o r  t h e  PHOEBUS app l i ca t ion ,  compensates f o r  t h e  non-uniform head generated 
by t h e  inducer  s tage.  To achieve t h i s  compensation, t he  t r a n s i t i o n - r o t o r  
adds s u f f i c i e n t  energy t o  each s t r eaml ine  t o  produce a n e a r l y  cons tan t  
o u t l e t  head a t  design condi t ions .  I n  addi t ion ,  t h e  design i s  l igh t ly - loaded  
a t  t h e  nominal f low c o e f f i c i e n t  to ensure  a broad ope ra t ing  range, t he reby  
minimizing t h e  e f f e c t s  o f  any mismatch which may occur  wi th  t h e  s t a g e  o u t l e t  
cond i t ions  

The des ign  c r i t e r i a  f o r  e s t a b l i s h i n g  inc idence  angles, 
dev ia t ion  angles ,  and l o s s  c o e f f i c i e n t s  is  i d e n t i c a l  t o  t h a t  used f o r  M-1. 
F igu res  15 through 18 show r o t o r ,  s t a t o r ,  and s t a g e  performance values .  

3. Main S tages  

While maintaining t h e  same hub diameter  as t h e  M-1 ,  t h e  
t i p  diameter  was reduced u n t i l  t h e  flow c o e f f i c i e n t  w a s  approximately t h e  
same as t h e  M-1. Thus, t h e  PHOEBUS main s t a g e  blading is  i d e n t i c a l  t o  t h a t  
o f  t h e  M-1 f u e l  pump except t h a t  the b lade  he igh t  has been reduced. This  
r e s u l t e d  i n  a 0.375-in. decrease  i n  b lade  he ight .  The s l i g h t  "hook" i n  t he  
M-1 r o t o r  blade a t  t h e  t i p  is  removed by t h i s  trimming. It was no t  added 
t o  t h e  PHOEBUS b lade  because i t  would have r equ i r ed  new t o o l i n g  and i t  is 
be l i eved  unnecessary f o r  t h e  PHOEBUS Uade a spec t  r a t i o .  

A t  t h e  f o u r t h  s t a g e  s t a t o r ,  t h e  t i p  diameter  w a s  
decreased from 7.625-in. to 7.565-ine t o  account  f o r  f l u i d  compress ib i l i t y .  
The d i f f u s i o n  parameter (D*) a t  t h e  mean s t r eaml ine  i n c r e a s e s  from 1.65 
a t  the  f irst  s t a g e  t o  1,69 a t  t h e  f o u r t h  s t age .  After t h e  contour s t e p ,  
t h e  d i f f u s i o n  parameter i n c r e a s e s  from 1,59 a t  the  f f f t h  s t a g e  t o  1,65 a t  
t h e  l a s t  s tage .  Rotor,  s t a t o r ,  and s t a g e  performance f o r  t h e  f i rs t  main 
s t a g e  is shown i n  F igu res  19 through 22, S t age  performance f o r  the  e i g h t h  
main s t a g e  i s  shown i n  F igures  23  through 26. 

The composite p red ic t ed  performance o f  t h e  inducer,  
t r a n s i t i o n ,  and first main s t a g e  over a range of  f low c o e f f i c i e n t s  is shown 
i n  F igu re  27. 

Discharge Diffuser and Housing 

The d ischarge  d i f f u s e r  and housing conf igu ra t ion  remain 
unchanged from the M-1 des ign  because p red ic t ed  l tsses are too  small t o  
warrant changing these  major pa r t s .  The hydraul ic  flow l o s s e s  es t imated  
f o r  t h e  PHOERUS a p p l i c a t i o n  were based on two cons ide ra t ions :  
s c a l e  f u e l  pump t e s t i n g ;  and t h e  flow area change between t h e  l a s t  main 
s t a g e  s t a t o r  d i scharge  and t h e  guidevane housing in l e t .  

The M-1 sub- 
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nata from subsca le  t e s t i n g  was used t o  estimate t h e  
M - 1  housing and guidevane loss .  
c a l c u l a t e d  based upon d ischarge  pressure  and t h e  t h i r d  main s t a g e  ( l a s t  
s t a g e  f o r  subsca le )  s t a t o r  d i scharge  pressure. 
w a s  then  a p p l i e d  t o  t h e  PHOEBUS design using t h e  appropr i a t e  flow, 
v e l o c i t i e s ,  and pressures .  The area change, which resul ts  from the  
reduced b l ade  he ights ,  was taken i n t o  account by assuming t h a t  t h e  head 
l o s s  equaled t h e  v e l o c i t y  head change i n  t h e  axial  d i r e c t i o n s .  

A t  nominal f low, a l o s s  c o e f f i c i e n t  was 

This  l o s s  c o e f f i c i e n t  

The p red ic t ed  t o t a l  l o s s  through t h e  PHOEBUS housing 
w i l l  be  approximately 80 p s i  o r  5.6% of t h e  t o t a l  pump head rise of 1425 
ps i .  

5. Off-'Design pump Performance 

Off-design performance was p red ic t ed  using the  axial 
This program is  a two-dimensional blade element pump computer program. 

s o l u t i o n  which satisfies r a d i a l  equilibrium. The d e v i a t i o n  ang le  varia- 
t i o n ,  s t a l l  c r i t e r i a .  and l o s s  c r i t e r i a  were determined using S o  L i e b l i e n ' s  
a n a l y t i c a l  approach( $1 a 

When the  axial pump computer program was used t o  pre- 
d i c t  M-1 f u e l  subsca le  performance, and c o r r e l a t e d  w i t h  scale pump t e s t  
data, some performance e r r o r  ex i s t ed  a t  t h e  high flow off-design condi t ions .  
Because t h e r e  was l i m i t e d  s u b s c a l e  test data and t h e  e r r o r  was nega t ive  
( p r e d i c t e d  head was low) ,  no modi f ica t ions  were made when p r e d i c t i n g  the  
PHOEBUS off -des ign  performance. 
ab le ,  modi f ica t ions  w i l l  be made t o  dev ia t ion  angle  c o r r e c t i o n s  and l o s s  
c o e f f i c i e n t s  t o  improve p r e d i c t i o n  accuracy. 

As a d d i t i o n a l  M-1 tes t  d a t a  becomes avail- 

F igu re  28 shows t h e  p red ic t ed  p res su re  rise weight 
flow map of  t h e  M-1 f u e l  turbopump modif ied f o r  t h e  PHOEBUS app l i ca t ion .  

6. Blade Loading 

The b l ade  loading used f o r  stress a n a l y s i s  use was 
taken  a t  t h e  "worst  case" condi t ion.  Th i s  c o n d i t i o n  occurs  a t  t h e  p o i n t  
where t h e  maximum al lowable housing p r e s s u r e  l i n e  and t h e  maximum allow- 
able speed l i n e  intersect. 
14,500 rpm, 1965 p s i ,  and 460 lb/sec.  

The ope ra t ing  p o i n t  f o r  t h i s  cond i t ion  is 

( 2 )  NACA RME 57A28, Volume 81, 1959, e n t i t l e d :  
Low Speed Loss and S t a l l  C h a r a c t e r i s t i c s  of  Two-Dimensional Com- 

Analysis  o f  Experimental  

Dressor Blade Cascades 
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The f l a t  plate loading  theory  w a s  used t o  a s c e r t a i n  
p re s su re  d i s t r i b u t i o n s  f o r  t h e  inducer r o t o r  stress a n a l y s i s .  
which was a l s o  used f o r  t h e  M - 1  in te r im inducer,  g ives  maximum expected 
p res su re  d i f f e r e n t i a l s  across  t h e  blade. 

T h i s  method, 

P res su res  and v e l o c i t i e s  f o r  a l l  b l ade  elements were 
obta ined  from t h e  axial  flow program previous ly  discussed.  

7. Radia l  Load on Rotor 

S tepanof f ' s  method(3) was used t o  e s t i m a t e  t h e  r a d i a l  
l oad  on t h e  r o t o r  caused by a c i r cumfe ren t i a l  p re s su re  g rad ien t .  The 
"worst casen of  r a d i a l  loading  would be  r ep resen ted  by assuming t h e  condi- 
t i o n  a t  the guidevane d i scha rge  t o  be equ iva len t  t o  a c e n t r i f u g a l  impeller.  
The c a l c u l a t e d  l o a d  of  2500 l b  was based upon equ iva len t  head and flow 
c o e f f i c i e n t s ,  t h e  d ischarge  diameter, and t h e  passage width .  

D. PHOEBUS TURBINE DFSIGN MODIFICATIONS AND PERFORMANCE 

An e s s e n t i a l l y  unmodified ve r s ion  of  t h e  Model I1 M - 1  f u e l  
t u r b i n e  w i l l  supply t h e  pump power requirements  f o r  t h e  PHOEBUS a p p l i c a t i o n ,  
Operating wi th  hydrogen a t  ambient temperature, t h i s  t u r b i n e  w i l l  readily 
produce 37,200 horsepower a t  a r o t a t i o n a l  speed of  11,500 rpm. 
these cond i t ions ,  a weight  flow of approximately 55 l b / sec  a t  a t u r b i n e  
i n l e t  p r e s s u r e  of 440 p s i a  i s  requi red .  T h i s  t u r b i n e  i s  capable  of pro- 
ducing a peak power ou tpu t  of 72,400 horsepower a t  a r o t a t i o n a l  speed of  
14,500 rpm, using hydrogen gas a t  ambient temperature. 

Under 

The Model 11 v e r s i o n  o f  t h e  M-1 f u e l  t u r b i n e  i s  a two-stage 
Cur t i s - type  t u r b i n e ,  o r i g i n a l l y  designed to  produce 88,150 horsepower a t  
a speed of  13,225 rpm using t h e  combustion products  of  hydrogen and oxygen. 

M-1 and PHOEBUS design and nominal/operating cond i t ions  are 
as follows: 

M - 1  PHOEBUS - 
Power BHP 88,150 37,200 
Ro ta t iona l  Speed RPM 13,225 11,500 
T o t a l  I n l e t  P res su re  PSIA 1,000 440 
To ta l  I n l e t  Tmperature "F 1,460 520 
P res su re  Rat io  4,673 7.35 

13)  Stepanoff ,  A .  J . ,Cent r i fuga l  and Axial Flow Pump, 2nd Ed i t ion ,  
1957, John Wiley and Son, New York 
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During t h e  nominal PHOEBUS opera t ing  condi t ion ,  l i q u i d  
hydrogen w i l l  be  d i v e r t e d  from t h e  pump d ischarge  a t  a p res su re  o f  
approximately 1400 p s i a  f o r  use i n  t h e  tu rb ine .  The hydrogen w i l l  pass  
through a water- to- l iquid hydrogen hea t  exchanger where it w i l l  be  con- 
v e r t e d  t o  gas and i t s  temperature  r a i s e d  t o  near-ambient. 
t h a t  t h e  hydrogen w i l l  experience a p r e s s u r e  l o s s  o f  approximately 
400 p s i  through t h e  h e a t  exchanger r e s u l t i n g  i n  a maximum pres su re  of  
approximately 1000 p s i a  a v a i l a b l e  t o  the  tu rb ine .  
va lve  w i l l  o r i f i c e  t h e  flow t o  reduce t h e  p re s su re  from 1000 p s i a  
L 4 O  p s i a  a t  t h e  i n l e t  f o r  nominal t u r b i n e  condi t ions .  

It is  es t imated  

A t u r b i n e  speed c o n t r o l  

The Model I1 t u r b i n e  was o r i g i n a l l y  designed wi th  a small 
r e a c t i o n  occurr ing  i n  t h e  r eve r s ing  vanes and second ro to r .  
s t a g e  was designed wi th  a converging-diverging nozz le  and s l i g h t  af ter-  
expansion occurr ing  under des ign  condi t ions .  

The f irst  

Although t u r b i n e  e f f i c i e n c i e s  can g e n e r a l l y  be  improved 
i n  impulse tu rb ines  by providing a small amount of  r e a c t i o n  i n  the r o t a r s ,  
t he  o r i g i n a l  design f o r  t h i s  t u r b i n e  omi t t ed  any r e a c t i o n  i n  t h e  f i r s t  
r o t o r  t o  reduce axial t h r u s t ,  Because t h e  t h e o r e t i c a l  Mach number a t  t h e  
nozzle  d ischarge  was approximately 1.575 f o r  t he  design gas  wi th  a s p e c t f i e  
hea t  r a t i o  ()') of  1.37, t h e  f i r s t  s t a g e  was designed wi th  a converging- 
d iverg ing  nozzle  t o  avo id  excess ive  af ter-expansion.  

The o r i g i n a l  cond i t ions  f o r  t h e  M - 1  engine f u e l  t u r b i n e  
r e q u i r e d  t h a t  t h e  t u r b i n e  accommodate a n  i s e n t r o p i c  en tha lpy  drop of 
999/Btu/lbm. 
l i m i t e d  t h e  p i t c h  l ine v e l o c i t y  of t h e  blading t o  1300 f t / s e c .  
condi t ions ,  t h e  b l ade / j e t  v e l o c i t y  r a t i o  ( u. /co)  was approximately 
0.1878. 
s t a g e  t u r b i n e  would have been required.  
t i o n s  d i c t a t e d  some compromise i n  t u r b i n e  e f f i c i e n c y  r e s u l t i n g  i n  the  
c u r r e n t  two-stage M-1 f u e l  t u r b i n e  design.  
t h a t  r e l a t i v e l y  l a r g e  nega t ive  t h r u s t s  might occur  which would increase  
t h e  problems i n  t h e  M-1 f u e l  turbopump t h r u s t  ba l ance r  system, To over- 
come t h i s  p o t e n t i a l  d i f f i c u l t y ,  t h e  f i r s t  s t a g e  r o t o r  b lades  were c losed  
down s l i g h t l y .  

C e n t r i f u g a l  and thermal stresses i n  t h e  b lades  and d i s c  
Under t h e s e  

To o b t a i n  maximum e f f i c i e n c y  with t h i s  v e l o c i t y  r a t i o ,  a mult i -  
However, weight  and s i z e  l i m i t a -  

Also, f u r t h e r  s t u d y  ind ica t ed  

1, Performance Pr ed ic  t i o ~ s  

F igu res  29 and 30 show t h e  p r e d i c t e d  power and torque  
parameters, r e spec t ive ly ,  f o r  t h i s  t u r b i n e  as f u n c t i o n s  o f  p re s su re  r a t i o  
using gaseous hydrogen. 
r a t i o s  and f u r t h e r  i nc rease  o f  t h e  pressurr .  r a t i o  does n o t  i n c r e a s e  t h e  
power output .  However, u n t i l  t h e  maxinium p res su re  r a t i o  i s  reached,  
power output  does inc rease  s u b s t a n t i a l l y .  

These curves peak a t  c e r t a i n  m a x i m u m  p r e s s u r e  

F igu re  31 shows a composite of t h e  power parameter,  
i n l e t  p ressure ,  exhaus t  pressure ,  and weight f low parameter  as f u n c t i o n s  
of p re s su re  r a t i o .  These curves  show t h a t  t h e  t u r b i n e  i s  choked a t  
p re s su re  r a t i o s  g r e a t e r  t han  approximately 1.5. From F igure  31, it can 
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be c a l c u l a t e d  t h a t  f o r  the  nominal ope ra t ing  po in t  (N/ !m = 535), t h e  
minimum tu rb ine  weight flow occurs  a t  a p res su re  r a t i o  o f  18. 
r e q u i r e s  an in le t  p re s su re  o f  approximately 387 p s i a  and a r e s u l t i n g  back- 
p re s su re  of 21.5 ps i a .  
t he  NRDS exhaust duct  to the  f la re  s t ack  i n d i c a t e  t h a t  t h i s  is a lower 
exhaust  pressure  t h a t  can be obta ined .  
t h e  p re s su re  r a t i o  ac ross  t h e  t u r b i n e  is  increased ,  t h e  Mach number I n  the  
exhaust duct  i nc reases ,  thereby  inc reas ing  t h e  p re s su re  l o s s e s .  Th i s  
e f f e c t  i s  i l l u s t r a t e d  i n  F igu re  32, which shows t h e  Mach numbers i n  t h e  
i n l e t  and exhaust duct  as  a func t ion  of exhaust  pressure .  

Th i s  

However, c a l c u l a t i o n  f o r  p re s su re  l o s s e s  through 

These c a l c u l a t i o n s  show t h a t  as 

Figure  33 shows t h e  weight flow and t u r b i n e  e f f i c i e n c y  
as a func t ion  of  exhaust p re s su re  f o r  t h e  nominal ope ra t ing  poin t .  
t h e  pressure  r a t i o  inc reases  as t h e  exhaus t  p re s su re  decreases ,  t h i s  curve 
shows t h a t  as t h e  p re s su re  r a t i o  inc reases ,  both t h e  e f f i c i e n c y  and weight  
f low decrease. 

Because 

F igu re  34 shows t h e  s t a t i c  exhaust p re s su re  over  t h e  
e n t i r e  range of ope ra t ion  as a f u n c t i o n  of power ou tpu t  wi th  r o t a t i o n a l  
speed and pressure  r a t i o  as va r i ab le s .  S t a t i s  in le t - to-exhaus t  
temperature  r a t i o  i s  shown i n  F i g u r e  35 as a func t ion  o f  t h e  power para-  
meter. These curves provide exhaust  cond i t ions  covering t h e  e n t i r e  range  
o f  t h e  PHOlEBUS a p p l i c a t i o n .  

2. Blade Forces  

The fol lowtng i s  a t a b u l a t i o n  o f  t u r b i n e  b lade  f o r c e s  
These b l ad ing  f o r  t h e  maximum power o u t p u t  f o r  t h e  PHOEBUS app l i ca t ion .  

loads  were used f o r  t h e  t u r b i n e  stress a n a l y s i s .  

BLADE FOXES PER U N I T  LENGTH AND STATIC EXIT PRESSURES 

NOZZLF, 1. NUMBER BLADES = 37 

Radius Axial  Tangent ia l  
Lo c a t  i o n  i n .  lb / in .  l b / i n  . 
T i p  12.05 880 226 
Mean 11 . 50 890 249 
Hub 10.95 925 257 

ROTOR 1, NUMBER BLADES = 80 

T i p  12.10 170 151 
Mean 11.50 140 161 
Hub 10.90 108 1 7  3 

Ps 
psis - 
382 
344 
300 

200 
186 
171  
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T i p  
Mean 
Hub 

T i p  
Mean 
Hub 

3.  

REVERSING VANESs NUMBER BLADES = 67 

12.37 3 dl5 120 152 
11 *5 15-65 131 13 2 
10.63 goo 2 144 lo9 

ROTOR 2, NUMBEX BLADES 78 ---- 
1 2  .Lo 82.6 7309 14.7 
11.50 5o.L 81.6 14.7 
11.60 28.k 91.0 14.7 

Design Modifiea" v ions  

The o s l y  design m d i f i c a t i o n s  made t o  t h e  M-P t u r b h e  
are t h e  a d d i t i o n  of honeycomb shrouds mer both r o t o r s  and a n  i n c r e a s e  i n  
s i z e  of  t h e  o u t l e t  due t s  from 10-in, t o  15-in. 

The M-P f u e l  tur'btne was designed as a v e l o c i t y  s t aged  
fmpulse turb ine .  However, a t  t h e  PHOEBUS %'design pointte condi t ion ,  both 
s t a g e s  run wi th  cons iderable  react ion.  These inc reased  r e a c t i o n s  r e s u l t  
in s i g n i f i c a n t  pressure  drops across t h e  roi%o;*bl.ade rows and h igher  t i p  
leakages.  This a d d i t i o n a l  l o s s  caused by t h e  h igher  r e a c t i o n  is estimated 
a t  5.5 e f f i c i e n c y  poin ts .  Th i s  extra Poss, which corresponds t o  an 3.1% 
a d d i t i o n a l  weight flow requirement, is e l m h a t e d  by providing smaller t i p  
clearances through the  use of  t h e  s t a t i o n a r y  honeycomb shrouds. 

The inc reased  o u t l e t  due% s i z e  a l lows  t h e  t u r b i n e  to 
This  run wi th  30-psfa bock p res su re  a t  t h e  PHOEBUS lPdesign condition1'. 

change a l s o  provides  a s f g n i f  fcmt upra t tng  c a p a b i l i t y .  

4 ,, Performance Analys as 

The B,i;rb$ne of f -des ign  program was used t o  estimate 
t h e  performance of the  W - l  Model I1 fuel t u r b i n e  over a. range  of  speeds 
and p r e s s a r e  r a t i o s ,  Conputations were Ferformed f o r  both hydrogen and 
n i t r o g e n  gas  a t  mbzen t  temperature,  The Frogram fol lows,  i n  p r i n c i p l e ,  
t h e  usual  procedure f o r  p m p  of f  -desi;,gn ca lcu la t ions .  

FOP a g iven  rorationak speed, a to t a l - to - s t a t i c -p res -  
s u r e  r a t i o  over  t h e  fT.ret nozz le  :.s aszmed and t h e  correspondfng weight 
f low through % h i s  m z d e  is eomF;tedc us ing  a n  a p p r o p r i a t e  l o s s  c o e f f i c i e n t  
and f low coef f9cfent .  
t u r b i n e  (excep% f o r  leakage and e z o h n t  f l e w s ) ,  App l i ca t ion  of  t h e  cont in-  
u i t y  equat ion,  u s i n g  t h e  given biade md mnu'ius dimensions i n  a d d i t i o n  
t o  t h e  assumed b lade  l o s s e s  and flow coefficients, produces t h e  f low para- 
meters ( v e l o c i t i e s ,  p ressures ,  temperatures,  gas angles ,  etc,) a t  i n l e t  
and o u t l e t  o f  each blade =we 

T5i.s weight flow sl?.ays cons tan t  throughout  t h e  



I n  the  next s tep,  t h e  p re s su re  ~ a t i o  over  t h e  f i r s t  
nozzle  is increased and the  c a l c u l a t i o n s  are r epea ted -  T h i s  procsdcre 15 
cont inued u n t i l  one of  t h e  fo l lowing  blade rows cannot pass t h e  weight 
flow c a l c u l a t e d  f o r  t h e  f t r s t  n ~ z z l e .  The nozz le  p re s su re  r a t 1 3  tha'5 
corresponds wi th  t h e  choking o f  one o f  t h e  fo l lowing  b l ade  rows (e.g, 
f i r s t  r o t o r )  is  determined and kep t  cons t an t  f m m  tneresn ,  S r ~ b s e q w n ? ~ l ~ ,  
t h e  p re s su re  r a t i o  over t h e  choking blade PPW ( o t h e r  tjhan f i rs t  nadzle!) 
is increased  by  predetermined m o u n t s  u r x L 1  one o f  t h e  blade rows f;irthes- 
downstream chokes. F i n a l l y ,  t h e  pressure r a t i o  over t h e  l a s t  TO~O'I"  is 
increased  i n  steps u n t i l  one of " t h e  fo'likowing e s t a b l i s h e d  Yfmits i s  reached: 

a. Maximum over -a l l  t u rb ine  p re s su re  ra=i 1: [g.,  ver  
as computer i npu t )  e 

b. L imi t ing  loading  o f  las% stage, 

c .  Maximum e lapsed  comprrter time ( s p e c i f i e d  on ~ u b -  
mittal card) .  

This  completes ths  computations f o r  t h e  selec:* ~d 
speed. The complete procedure is then r epea ted  for ot3her s ~ e ~ d z , ,  a: whfc!i 
data  is de-;'rO.d. 

The program takes irLt: aceomrv j e h  deflee*-qe-.m wi4+h 
i ts  as soc ia t ed  l o s s e s  and blade h c l d e m e  l o s s e s .  Primarily., t h e  ~ r c g r s n  
computes t h e  paramet.ers a t  mean blade height .  However u s i n g  sAmp,if~-ed 
assumptions,  parameters a t  hbb and tip also ca2cxLa?ecle 

F igure  36 shows t h e  ca l cu la t ed  ikurblne f h u  
parameter as a f m e t i a n  of p r e s s w e  r a t b  and speed. 

Gas 

S h a f t  Power 

Gas Wefghtflow 

Gas i n l e t  t s t a l  t,emperature 

Pressure R a t i o  

bo "F 

13.3 
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PHOB US 
Approximate 

M - 1  

I n l e t  t o t a l  p re s su re  400 p s i a  1000 p s i a  

O u t l e t  s tatic p res su re  30 p s i a  - 
E f f i c i e n c y  ( t o t a l  to s t a t i c )  0.562 0.63 

S h a f t  speed 11,500 rpm 13,200 rpm 

F i r s t  t u r b i n e  stator t h r o a t  area 20.25 in.* 
( e f f e c t i v e  ) 

20.25 in.2 

S p e c i f i c  hea t  a t  c o n s t a n t  p r e s s u r e  3.475 Btu/lb% 2.01 Btu/lb”R 

S p e c i f i c  h e a t  r a t i o  1.399 1.37 

Gas c o n s t a n t  771.5 ft/% 421.5 ft/% 

NOTE: T h e  PHOEBUS t u r b i n e  performance data is based upon a t u r b i n e  exhaust 
p re s su re  o f  30 psia;  t h e r e f o r e ,  gas weight f low and e f f i c i e n c y  do 
n o t  ag ree  numer ica l ly  wi th  va lues  shown elsewhere i n  t h i s  r epor t .  

5. Turbine Axial Thrus t  

The axial turb ine  r o t o r  t h r u s t  was computed f o r  a range 
o f  speeds and t u r b i n e  i n l e t  pressures ,  us ing  t h e  r e su l t s  o f  t h e  o f f - d e s i g n  
program. The t h r u s t  as a f u n c t i o n  o f  t u r b i n e  i n l e t  p re s su re  and t u r b i n e  
s h a f t  power is  presented  i n  F igures  38 and 39, r e spec t ive ly ,  f o r  gaseous 
hydrogen a t  60 V. 

6. Turbine  Exhaust Duct Flow Condi t ions  

F i g u r e  40 presen t s  t h e  tu rb ine  ex i t  s t a t i c  p r e s s u r e  
v e r s u s  weight f low and t u r b i n e  o u t l e t  total temperature (two 15-in. duc ts  
are assumed) f o r  hydrogen gas  a t  60V a t  t h e  t u r b i n e  in le t .  
ing  a n a l y s i s  was performed when i t  became apparent  t h a t  t h e  r e a c t o r  f a c i l i t y  
t u r b i n e  exhaust duc t ing  was smaller t han  optimum f o r  t h e  M-1  Model I1 
t u rb ine .  

This  support-  
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E. STRUCTURAL ENGINEERING 

1. S t r e s s  

R e s u l t s  of stress analyses shown i n  t h e  appropr i a t e  summary 
t a b l e s  are e x t r a c t e d  from t h e  stress analyses r e p o r t s  subsequent ly  r e fe renced  
as source  ana lyses  i n  t h i s  r e p o r t ,  which a l s o  d e t a i l e d  t h e  stress analysis methods 
used. 

a. Pump 

Table  3 i s  a summary o f  stress analysis r e s u l t s  f o r  t h e  
PHOEBUS pump components. The pump condi t ions  s e l e c t e d  f o r  stress analysis were: 
an ope ra t ing  speed of  14,500 rpm; a flow rate of  360 lb/sec; and a p res su re  rise 
o f  1965 p s i .  
stress of the  pump d ischarge  housing when the  pump i s  ope ra t ing  a t  maximum speed. 
A t  t h i s  ope ra t ing  poin t ,  t h e  hydraul ic  and c e n t r i f u g a l  f o r c e s  on t h e  pump components 
are approximately 59% h ighe r  than  a t  t h e  PHOEBUS nominal o p e r a t i n g  poin t .  
conserva t ive  stress analysis opera t ing  p o i n t  was s e l e c t e d  because t h e  M-1 hardware 
is  capable  of  ope ra t ing  at t h i s  condi t ion  wi th  no a d d i t i o n a l  modif icat ions.  
This  po in t  is g r e a t e r  t han  requi red  to o b t a i n  t h e  h i g h e s t  d e s i r e d  hydrau l i c  per- 
formance f o r  t h e  PHOEBUS app l i ca t ion .  
rated c a p a b i l i t y  o f  t h e  PHOEBUS turbopump assembly. 

Th i s  ope ra t ing  po in t  corresponds t o  t h e  maximum a l lowable  working 

The 

Thus, it d e f i n e s  condi t ions  a t  the  f u l l  up- 

Adequate p o s i t i v e  margins of safety ex i s t  f o r  a l l  components 
a t  the  stress analysis point .  
f o r  t h e  r o t a t i n g  pump components. 

Also shown i n  Table 3 are es t imated  y i e l d  speeds 

S t r e s s  a n a l y s i s  r e s u l t s  i n d i c a t e  t h a t  t h e  pump is 
s t r u c t u r a l l y  sound f o r  t h e  PHOEI31JS a p p l i c a t i o n  as w e l l  as f o r  t h e  increased power 
leve l  r eac to r  appl ica t ions .  

b. Turbine 

Table  4 conta ins  a summary of stress a n a l y s i s  resul ts  
f o r  t h e  P I I O ~ U S  t u r b i n e  components, The t u r b i n e  ope ra t ing  po in t  selected f o r  stress 
a n a l y s i s  was a n  ope ra t ing  speed of  14,500 rpm, t u r b i n e  horsepower of 89,000 and a 
t u r b i n e  exhaus t  p re s su re  of 14.7 psia ,  
corresponding t o  t h e  ope ra t ing  po in t  used f o r  pump stress analysis. 
t o  o p e r a t i o n  o f  t h e  pump a t  80% of  t h e  des ign  flow c o e f f i c i e n t .  
t h e  a l lowable  working p res su re  of the pump d ischarge  housing is exceeded; however, 
as shown i n  Table  4, t h e  t u r b i n e  i s  capable  of  o p e r a t i o n  wi th  adequate  p o s i t i v e  
margins o f  safety f o r  all components. 
w a s  selected because t h i s  g i v e s  t h e  most conserva t ive  va lues  ( h i g h e s t  d i s c  and vane 
aerodynamic loading)  f o r  stress ca lcu la t ions .  
y ie ld  and b u r s t  speeds f o r  t h e  r o t a t i n g  t u r b i n e  components. 

The power l e v e l  is  even h ighe r  than  t h a t  
It corresponds 

A t  t h i s  condi t ion ,  

The t u r b i n e  exhaus t  p re s su re  o f  14.7 p s i a  

Also shown i n  Table  4 are estimated 

The stress analysfs r e s u l t s  indicate t h a t  t h e  t u r b i n e  
is s t r u c t u r a l l y  sound f o r  t h e  e n t i r e  range o f  pump ope ra t ion  shown in Figure  1 and 
a l s o  f o r  power l e v e l s  corresponding to  ope ra t ing  t h e  pump down t o  s t a l l  a t  14,500 rpm 
(a  c o n d i t i o n  r e q u i r i n g  a pump housing with h ighe r  p re s su re  c a p a b i l i t i e s  than  t h e  
e x i s t i n g  des ign)  , 
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2. V ib ra t ion  

Tables  5 and 6 summarize t h e  r e s u l t s  of pump b lad ing  and 
tu rb ine  b lad ing  v i b r a t i o n  analyses, r e s p e c t i v e l y .  
modes of v ib ra t ion ,  and sources  of  e x c i t a t i o n  are t a b u l a t e d  toge the r  wi th  an  
e s t ima te  o f  the f a t i g u e  margins of safety f o r  t h e  ind iv idua l  b l ade  resonant  speeds 
of t h e  turbopump. 

P red ic t ed  resonant  speeds,  

F igu re  41 summarizes t h e  p red ic t ed  turbopump b lade  resonance 
speeds f o r  f i r s t  and second flexural and t o r s i o n a l  v i b r a t i o n  modes. The 
e x c i t a t i o n  assumed is t h e  upstream vane passing frequency and i t s  second harmonic. 
Th i rd  v i b r a t i o n  modes and t h i r d  harmonic e x c i t a t i o n  f r equenc ie s  are included f o r  
t hose  cases ,  i n  which re la t ively high energy levels are predic ted .  

Seve ra l  resonance speeds are p red ic t ed  t o  occur  w i t h i n  t h e  
PHOEBUS opera t ing  range. F u r t h e r  s tudy,  design, and t e s t  e f f o r t  is requ i r ed  t o  
d e f i n e  which of t h e  p red ic t ed  f r equenc ie s  are of concern as w e l l  as those  t h a t  can 
be a l l e v i a t e d  o r  e l imina ted  by minor des ign  change o r  ignored because o f  i n h e r e n t  
damping ( a s  v e r i f i e d  by M-1 v i b r a t i o n  tests). 
prolonged ope ra t ion  should be avoided w i l l  be  defined. 

Ultimately, turbopump speeds a t  which 

I n  compressor experience and p r a c t i c e ,  it is f r e q u e n t l y  found 
t h a t  p red ic t ed  v i b r a t i o n  modes do no t  develop and unexpected modes do occur .  
S t r a i n  gage measurement of b lade  v i b r a t i o n  dur ing  o p e r a t i o n  o f  ro t a t ing - type  machines 
provides t h e  most d i r e c t  and e f f e c t i v e  means f o r  d e f i n i n g  b lade  v i b r a t i o n  problems 
as w e l l  as demonstrating success fu l  redesign.  The s l i p - r i n g  assembly descr ibed  i n  
t h e  forthcoming a l t e r n a t i v e  torquemeter d i s c u s s i o n  can be used f o r  t h i s  purpose. 

S t r a i n  gage bonding techniques  have been evolved i n  t h e  M - 1  
Program f o r  l i q u i d  hydrogen a p p l i c a t i o n s  and have been s u c c e s s f u l l y  used wi th  t h e  
M-1  axial  t h r u s t  s leeve .  

The v i b r a t i o n  a n a l y s i s  has  p red ic t ed  p o s s i b l e  v i b r a t i o n  modes 
which could occur,  and inc ludes  an  estimate o f  poss ib l e  s e v e r i t y ;  however, it is no t  
expected t h a t  a l l  p red ic t ed  modes w i l l  occur  and it i s  p o s s i b l e  t h a t  n o t  a l l  modes 
have been defined. I n  add i t ion ,  t h e  amount o f  damping assumed t o  be p re sen t  by 
v i r t u e  of such condi t ions  as b lade  d o v e t a i l  f r i c t i o n ,  c o n t a c t  with a d j a c e n t  b lade  
segments, and coulomh damping, h a s  n o t  as yet been e m p i r i c a l l y  v e r i f i e d  i n  most cases .  
Therefore,  t h e  resonant frequency map of F i g u r e  h l  e s t a b l i s h e s  areas which may 
r e q u i r e  empir ica l  i n v e s t i g a t i o n  r a t h e r  than  d e f i n i n g  speeds a t  which r a p i d  blade 
f a t i g u e  would occur. Fu r the r  e f f o r t  i n  t h i s  area i s  an important  a s p e c t  of  t h e  
PHOEBUS Phase I1 Program. Considerable p e r t i n e n t  d a t a  w i l l  be ob ta ined  from t h e  
M - 1  Program. 

3. Runnine: Clearance and SDline F i t  

A l l  PMOEB1JS s t a t i c  s p l i n e  f i ts  and c l e a r a n c e s  are i d e n t i c a l  t o  
M - 1 .  The ope ra t ing  c l ea rances  along t h e  r o t o r  assembly vary  because of PHOEBUS 
des ign  philosophy and requirements .  
as used f o r  M - 1  except t h a t  t he  growth r e s u l t i n g  from c e n t r i f u g a l  f o r c e  w i l l  be 
s l i g h t l y  less  as a r e s u l t  o f  t h e  reduced ove r -a l l  b lade  t i p  r ad ius .  

The mainstage and t r a n s i t i o n  r o t o r  a re  t h e  same 
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, 

The c l ea rance  of t h e  inducer-to-housing has  been changed from 
0.1SO-in. M - 1  nominal t o  a varying nominal c l ea rance  of 0.090-in. a t  t h e  s u c t i o n  
end t o  0.OSO-in. a t  t h e  ex i t  end. 
would al low excessive t i p  leakage when app l i ed  t o  t h e  PHOEBUS design. 

This  change was made because t h e  M-1 c l ea rance  

The ba lance  p i s t o n  and i t s  housing, along w i t h  t h e  l a b y r i n t h  
s h a f t  r i d i n g  s e a l s  and r o l l e r  bear ings,  are i d e n t i c a l  t o  those  used f o r  M - 1  and 
no changes i n  c learance  were made. 

The t u r b i n e  i n  t h e  PHOEBUS a p p l i c a t i o n  w i l l  have honeycomb 
material added over t h e  blade t i p s .  This  w i l l  p e r m i t  o p e r a t i o n  a t  a very small 
c learance  inasmuch as t h e  t u r b i n e  r o t o r s  can be "run-in" during t h e  f i rs t  t e s t  
sequence r e s u l t i n g  i n  a more e f f i c i e n t  t u rb ine .  

F. POWER TRANSMISSION D E S I G N  M O D I F I C A T I O N S  

1. B a l l  Bearings (Thrust)  

The M-1 t h r u s t  bear ing  assembly requires some modi f ica t ion  f o r  
u s e  i n  t h e  PHOEBUS turbopump assembly. Although t h e  b a s i c  s i z e  and c o n f i g u r a t i o n  
o f  t h e  M-1  bearing i s  acceptab le ,  a change i n  i n t e r n a l  geometry is necessary  to 
meet t h e  s p e c i a l  o p e r a t i o n a l  requirements of PHOEBUS. 

a. The M-1 design was p red ica t ed  on t h e  fo l lowing  r e q u i r e -  
ments : 

( 1 )  Nominal ope ra t ing  speed of 13,235 rpm and 14,550 rpm 
overspeed f o r  10  sec. 

( 2 )  Maximum t h r u s t  l o a d  of  35,000 l b  wi th  a r e v e r s e  
loading  c a p a b i l i t y  of 6400 l b .  

(3) pump r o t o r  axial  movement o f  O.Olh-in. t o  0.020-in, 

The l i m i t e d  al lowable r o t o r  axial  movement d i c t a t e d  t h e  
u s e  of a bear ing  wi th  a '!Gothic Arch." 

b. The PHOIBUS t h r u s t  bea r ing  requirements  encompass a 
much wider range o f  s teady  s t a t e  o p e r a t i n g  c o n d i t i o n s  than M-1.  

(1) Nominal ope ra t ing  speed of  1 1 , S O O  rpm wi th  an 
o p e r a t i o n a l  c a p a b i l i t y  f o r  extended per iods  a t  any speed from 0 t o  11,500 rpm and 
14,500 rpm overspeed f o r  30 sec.  

( 2 )  Two-hour d u r a t i o n  at any combination o f  speed and 
l o a d  w i t h i n  t h e  pump ope ra t ing  map. 

(3) Maximum t h r u s t  l o a d  of 20,000 l b  wi th  a reverse  
loading  c a p a b i l i t y  o f  6400 lb .  

([I)  pump r o t o r  axial  movement of 2 0.025-in. 
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2. P re load  Grinding 

Based upon data de r ived  from o i l - l u b r i c a t e d  bear ings,  i t  i s  
estimated t h a t  f o r  a two-hour l i f e  a t  t h e  mrninal ope ra t ing  speed o f  11,500 rpm, 
a maximum continuous t h r u s t  l oad  on the  t r i p l e  s t a c k  should n o t  exceed 20,000 l b .  
Th i s  assumes a load  shar ing  c a p a b i l i t y  of SO%, 25%, 25% r e s p e c t i v e l y ,  f o r  t h e  three 
bea r ings  i n  t h e  s t ack .  
was necessary  t o  preload g r i n d  the  bear ings a t  P2,OOO I b  pe r  bear ing  t o  o b t a i n  
proper  load  shar ing .  
and because of t h e  wide speed and load  range, i t  is  advantagous t o  preload g r i n d  
t h e s e  bear ings a t  a value c l o s e r  t o  t h e  cen te r  of  t h e  ope ra t ing  load  range. 
Therefore ,  t h e  PHOEBUS bea r ings  w i l l  be ground a t  6000 l b  per  bear ing.  

For  a design load of 35,000 l b  on t h e  M - 1  bearings, it 

The load  f o r  t h e  PHOEE3IJS a p p l i c a t i o n  is reduced t o  20,000 l b  

3 .  "Gothic Archn Outer Race 

The i n t e r n a l  bearing conf igu ra t ion  o f  t h e  M-1 bear ing  is a 
flGothic Archfg o n  both inner and o u t e r  races. 
f o r  t h e  M - 1  a p p l i c a t i o n  where ope ra t ion  t a k e s  p lace  under r e l a t i v e l y  cons tan t  
speed and load  condi t ions .  However, i n  t h e  PHOEBUS a p p l i c a t i o n ,  t h e  bear ings must 
be capable  of  r e l i a b l e  ope ra t ion  under wide ly  v a r i a b l e  l o a d  and speed condi t ions .  
Use o f  IIGothic Arch" o u t e r  r a c e s  imposes o p e r a t i o n a l  l i m i t a t i o n s  i n  t h e  PHOEBUS 
low l o a d  and high speed regions.  Under low l o a d  and high speed, high c e n t r i f u g a l  
f o r c e  r e s u l t s  i n  two-point b a l l  con tac t  on t h e  o u t e r  race ( a t t r i b u t a b l e  t o  t h e  
flGothic Arch") and a one-point contac t  on t h e  inner r a c e ,  t hus  e s t a b l i s h i n g  th ree -  
po in t  con tac t  i n  t h e  bear ing.  

This  bear ing  design i s  appropr i a t e  

Three-paint con tac t  in t h e  bear ing  dur ing  o p e r a t i o n  shor t ens  
t h e  bear ing  l i f e  because o f  b a l l  skidding. 
axial movement of  t h e  r o t o r  s h a f t  i s  no longe r  t i g h t l y  r e s t r i c t e d ,  t h e  PHOE3US 
bear ings  w i l l  have a convent ional  s i n g l e  r a d i u s  o u t e r  race curvature. 

To a l leviate  t h i s  cond i t ion  and because 

4. Bearing Life-Load C h a r a c t e r i s t i c s  and Cooling Requirements 

a. Bearing Fa t igue  Li fe  (General)  

The bear ing  f a t i g u e  l i f e  curves presented  i n  F igures  42 
and b3 are based upon t h e  e x i s t i n g  theory from a s t a t i s t i c a l  p r i n c i p l e  of  c rack  
propagat ion f o r  o i l - l u b r i c a t e d  bear ings  m%nGactured from air-melted 52100 s teel  . 
The c a l c u l a t i o n s  are based upon a 90$ p m b a b l l i t y  o f  survival. 

The ma te r i a l  used i n  PHOEBUS bea r ings  is consumable- 
electrode-vacuum-melted AIS1 44oC s t a i n l e s s  s teel .  This  steel has  been s e l e c t e d  
over  52100 s teel  because of i t s  r e s i s t a n c e  t o  co r ros ion  and i t s  demonstrated 
s u p e r i o r  f a t i g u e  l i f e  c h a r a c t e r i s t i c s .  
v e r i f i c a t i o n )  t h a t  the  good f a t i g u e  l i f e  c h a r a c t e r i s t i c s  o f  CmTM 4403 steel ,  
combined wi th  t h e  e x c e l l e n t  cool ing p r o p e r t i e s  of  l i q u i d  hydrogen, w i l l  compensate 
f o r  t h e  d e f i c i e n c i e s  i n  t h e  Iubr fca t fEg quali t ies o f  l i q u i d  hydrogen. 

It i s  expected (with some bear ing  t e s t  

The method foy bear ing  f a t i g u e  l i f e  p r e d i c t i o n  provides  
a means f o r  e s t ima t ing  t h e  p r o b a b i l i t y  o f  surviving any given load-speed-time 
cond i t ion .  However, l i f e  i s  a l s o  dependent upon t h e  major f a c t o r s  o f  material 
q u a l i t y ,  i n s t a l l a t i o n  c l e a n l i n e s s ,  ope ra t ing  temperature  and p res su re  environment, 
l u b r i c a t i o n  and/or coolan t ,  opera t ing  al ignment ,  l oad  balance,  as well as s h a f t  
and housing f i t s ,  







b. Bearing F i t  

An analysis was performed t o  determine t h e  c r i t i c a l  
speed and r o l l e r  bear ing loads  of  t h e  PHOEBUS f u e l  turbopump, As a r e su l t ,  t h e  
l i f e  of t u r b i n e  end r o l l e r  bear ing and pump end r o l l e r  bear ing  is  es t ima ted  t o  be  
much longer  than  f o r  t h e  t h r u s t  bear ing ( s e e  F i g u r e  43). 
analyses ,  F i g u r e  44 was e s t a b l i s h e d  which i n d i c a t e s  t h a t  t h e  t u r b i n e  end and pump 
end r o l l e r  bear ings  w i l l  be  loaded t o  approximately 3200 l b  and 1600 lb, r e spec t ive ly ,  
a t  t h e  nominal opera t ing  speed of 11,500 rpm. P r e d i c t e d  B 1 0  l i f e  .fs i n  excess  of 
100 hours f o r  t h e s e  condi t ions ,  

From t h e  i n d i c a t e d  

I 
For t h e  PHOEBUS a p p l i c a t i o n ,  a n  a l lowable  overspeed of 

14,500 rpm f o r  30 s e c  du ra t ion  is required.  
of  radial  load  on t h e  t u r b i n e  end r o l l e r  bear ing  and 5000 l b  on t h e  PUmp end r o l l e r  
bear ing.  The corresponding c a l c u l a t e d  maximum Her tz  stresses are: 11,500 rpm, 
213,000 p s i  f o r  t u rb ine  end bear ing  and 205,000 p s i  f o r  pump end bear ing;  f o r  t h e  
overspeed conditions(l11,500 rpm) + ,stresses are 325,000 p s i  and 326,000 P s i ,  
respect, i v e l y  . 

This  imposes approximately 10,000 l b  

The bear ing  mounting f i t s  f o r  t h e  inner-race- to-shaf t  
and outer-race-to-housing f o r  t h e  PHOEBUS a p p l i c a t i o n  are i d e n t i c a l  t o  t h e  t h r u s t  
and r o l l e r  bear ing used i n  t h e  M-1 Program and are dup l i ca t ed  i n  t h e  bear ing tes ter .  
Thus, M - 1  bear ing tests and M - 1  turbopump experience w i l l  be a p p l i c a b l e  t o  PHOEBUS. 

The c a l c u l a t e d  stresses and t e s t  d a t a  f o r  both axial  
and r a d i a l  bear ings  from t h e  M-1 Program provide assurance  t h a t  no problems w i l l  
be encountered dur ing  t h e  room temperature,  chil ldown, t r a n s i e n t s  and o p e r a t i n g  
condi t ions ,  PHOEBUS l oads  and speeds a r e  lower and no problems are a n t i c i p a t e d .  

C .  Thrust  Rearing 

It was es t imated  t h a t  two hours  of B10 opera t ing  l i f e  
f o r  t h i s  t r i p l e  bear ing s e t  can be ob ta ined  at a maximum t h r u s t  l o a d  of  20,000 l b  
and a speed of  11,500 rpm ( s e e  F igure  42).  The corresponding maximum compressive 
(Her tz )  s t r e s s e s  a r e  c a l c u l a t e d  t o  be 340,000 ps i .  
are w i t h i n  t h e  e l a s t i c  l i m i t s  o f  t he  bear ing  material where no permanent deformation 
o f  r a c e s  w i l l  occur .  
because o f  t he  v a r i a t i o n  i n  d e f l e c t i o n  c h a r a c t e r i s t i c s  of  each bearfng i n  t h i s  
t r i p l e x  set ,  t he  heav ie s t  loaded bear ing i n  t h e  set  w i l l  sha re  50% (10,000 l b )  
of  t o t a l  load and t h e  remaining two bea r ings  w i l l  s h a r e  the  remaining 10,000 lb. 

These compressive stresses 

The two-hour l i f e  estimate was made under t h e  assumption t h a t  

The ope ra t ing  l i f e  curve shown on Figure  42 i s  an  estimate 
r e q u i r i n g  subsequent t e s t  v e r t f i c a t i o n .  
of bear ing  l u b r i c a t i o n  is  d e s i r a b l e ,  such as u t i l i z i n g  an fmoroved dry-f i lm c o a t i n g  
f o r  b a l l s  and races .  Moly-disulfide h a s  proven very s u c c e s s f u l  i n  NERVA bear ing  
tests. 

Tests may show t h a t  an  improved method 

However, M - 1  bear ings have no t  r equ i r ed  such a d d i t i o n a l  l u b r i c a t i o n  f i l m .  

Tes t s  are necessary  t o  e s t a b l i s h  t h e  e f f e c t  o f  low loads  
and high speed upon bear ing l i f e ,  
one, o r  even two bear ings  of  t h e  t r i p l e  set may be unloaded and only  t h e  t h i r d  
one w i l l  carry t h e  t h r u s t  load.  
i n  b a l l  skidding;  however, t h i s  c o n d i t i o n  w i l l  be minimized by u t i l i z i n g  t h e  
convent ional  ou te r  race conf igura t ion .  

During turbopump ope ra t ion ,  it is p o s s i b l e  t h a t  

Unloading of  bea r ings  a t  h igh  speed m a y  r e s u l t  

d. Ro l l e r  Bearings 
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The Hertz  stresses f o r  bo th  r o l l e r  bea r ings  are lower 
Th i s  i nc reases  t h e  o p e r a t i o n a l  t han  those c a l c u l a t e d  f o r  t h e  t h r u s t  bear ings ,  

l i f e  expectancy f o r  t h e  r o l l e r  bear ings.  
s u c c e s s f u l l y  t e s t e d  i n  t h e  M - 1  Program; the re fo re ,  o n l y  demonstrat ion tes ts  are 
now needed t o  o b t a i n  p o s i t i v e  l i f e  d a t a  f o r  t h e s e  r o l l e r  bea r ings  a t  t h e  PHOEBUS 
condi t ions .  

Both of  t h e s e  r o l l e r  bear ings  were 

e. Bearing Coolant System 

Liquid hydrogen coolant  f o r  t h e  pump end r o l l e r  and t h r u s t  
bea r ings  is b led  from t h e  t h i r d  main s t a g e  of  t h e  pump. 
r o u t e  to the  pump housing t o  provide easy access  t o  the  f i l t e r s  and f low c o n t r o l  
o r i f i c e s .  
coo lan t  f low r a t e .  
coolan t  t o  t h e  pump s i d e  power t ransmission assembly. Spherical-ended th imbles  
t r a n s f e r  t h e  coolant  from the  s t a t i o n a r y  housing t o  t h e  moveable inne r  bea r ing  
housing, where i t  is  d i s t r i b u t e d  by t h e  coolan t  j e t  r ings .  Coolant  f low varies 
d i r e c t l y  wi th  s h a f t  speed, which is  d e s b a b l e  because h e a t  genera t ion  i n  t h e  
bear ings  a l s o  v a r i e s  approximately d i r e c t l y  wi th  speed f o r  a cons tan t  l oad .  

It fo l lows  an e x t e r n a l  

Ventur i  flow meters are used i n  two o f  t h e  four  supply  l i n e s  t o  measure 
Passages through t h e  vanes of t h e  guide  vane housing c a r r y  t h e  

The M - 1  coo lan t  system was n o t  changed f o r  t h e  PHOEBUS 
Recause PHOEBUS loads  and speed are less than M - 1 ,  a r educ t ion  in  app l i ca t ion .  

coolan t  flow should be poss ib le .  S e l e c t i o n  o f  o r i f i c e  s izes  t o  provide a n  optimum 
f low w i l l  be  made, based upon M - 1  and PHOEBUS developmental tes ts .  A s  c u r r e n t l y  
designed, each bearing i n  t h e  pump end power t ransmiss ion  w i l l  r e c e i v e  a coolan t  
f low o f  approximately 0.75 lb /sec  at t h e  nominal ope ra t ing  poin t .  
requi red  by t h e  t h r u s t  bear ings  as a func t ion  of speed and l o a d  i s  shown by F igure  45 
f o r  a temperature r ise of 2 2 T .  
1.1,SOO rpm, 0.9 lb/sec of  coolan t  i s  requi red .  
which g ives  a margin o f  s a f e t y  i n  t h e  event  o f  such occurrences  as abnormal loads  
and plugging of  f i l t e r s ,  

Coolant f low 

Assuming a maximum t h r u s t  l o a d  o f  20,000 l b  a t  
Approximately 2,2 lb/sec i s  a v a i l a b l e ,  

High thrus t ,  l oads  are p o s s i b l e  even a t  low speed; however, 
s u f f i c i e n t  coolant  i s  a v a i l a b l e  a t  a l l  p o i n t s  on t h e  PHOEBUS ope ra t ing  map f o r  
t h r u s t  loads  up t o  20,000 l b ,  

Coolant  f o r  t h e  t u r b i n e  s i d e  r o l l e r  bear ing  is taken  
After from leakage through the  l a b y r i n t h s  a t  t h e  d ischarge  end o f  t h e  r o t o r .  

passing through t h e  bear ing,  t h e  coolant  d i scha rges  t o  t h e  tu rb ine .  Coolant 
f low is  a f f e c t e d  by tu rb ine  pressures ;  however, a p r e s s u r e  d i f f e r e n t i a l  and s u f f i c i e n t  
f low occurs  a t  a l l  ope ra t ing  condi t ions  because t u r b i n e  d r ive  f l u i d  is b l e d  from 
pump discharge.  

Coolant de l ive red  to a l l  bear ings  is i n  excess of t h a t  
requi red ,  based upon M-1 bear ing  tes t  resul ts ,  

f .  Coolant Flow Requiranent Analysis  

( 1 )  Thrust  Bearings 

The mathemat.ica1 model used i n  t h i s  a n a l y s i s  cons ide r s  

This  mode was der ived  t h e o r e t i c a l l y  
t h e  h e a t  generated w i t h i n  t h e  bear ing  from b a l l  s p i n  on t h e  i n n e r  race,  t h e  b a l l  
r e t a i n e r  f r i c t i o n ,  and t h e  b a l l  r a c e  hysteresis. 
and c o r r e l a t e d  with t h e  M - 1  bear ing  tes t  data .  
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The l i q u i d  hydrogen cool ing  requirements  were 
c a l c u l a t e d  upon t h e  b a s i s  o f  a 100% !Icooling e f fec t iveness1 '  because t h e  highly- 
t u r b u l e n t  flow w i t h i n  t h e  bear ing  promotes very high h e a t  transfer. 
f o r  e s t a b l i s h i n g  coo lan t  flow requirements has  been s u c c e s s f u l l y  used i n  the M - 1  
Program (see F i g u r e  45) 

Th i s  approach 

( 2 )  R o l l e r  Bearings 

The requirements f o r  t he  heavier- loaded t u r b i n e  
end bear ing  were considered at t h e  overspeed condi t ions  of 14,500 rpm. The 
mathematical  model used i n  t h i s  ana lys i s  cons ide r s  t h e  h e a t  genera ted  w i t h i n  t h e  
bear ing a t t r i b u t a b i e  t o  cage f r i c t i o n  and as t h e  r e su l t  of h y s t e r e s i s .  The same 
approach ana condi t ions  were used f o r  t h e  h e a t  genera t ion  and f low requirements  
as were used f o r  t h e  t h r u s t  bear ing .  

The t j o t a l  hea t  genera ted  i n  t h e  bear ing i s  shown 
on F igure  46 and t h e  coo lan t  flow requirements are shown on F igure  47. 

5. Rotor  Axial Thrus t  Con t ro l  

The t h r u s t  balance system f o r  t h e  PHOEBUS a p p l i c a t i o n ,  
s chemat i ca l ly  shown as F igure  b89 u t i l i z e s  a balance p i s t o n  f o r  maintaining 
t h e  r o t o r  n e t  t h r u s t  w i t h i n  t h e  load  c a p a b i l i t y  o f  t h e  t h r u s t  bearings.  

The pump s i d e  of the p i s t o n  r e c e i v e s  f l u i d  a t  pump r o t o r  
d i scha rge  pressure .  A s  o r i g i n a l l y  designed, t h i s  f l u i d  flowed through a v a r i a b l e  
axial  gap and around t h e  ba lance  p i s ton  through a f i x e d  r a d i a l  c l ea rance  t o  t h e  
t u r b i n e  s ide.  The r a d i a l  c l ea rance  v a r i e s  somewhat with speed and pressure; 
however, t h i s  is  a secondary effect ,  F l u i d  from t h e  balance p i s t o n  is re tu rned  
t o  t h e  t r a n s i t i o n  s t a g e  o f  t h e  pump by f o u r  1-in. diameter  tubes  equipped wi th  
o r i f i c e s  f o r  f low con t ro l  and measurement. 

I n  t h e  M - 1  app l i ca t ion ,  a t  a f i x e d  o p e r a t i n g  speed, o r f f i c i n g  
t o  o b t a i n  t h e  des i r ed  t h r u s t  bear ing  load  a t  t h e  nominal ope ra t ing  p o i n t  i s  a 
s a t i s f a c t o r y  method of  t h r u s t  con t ro l ,  Because of  t h e  re la t ive ly  l a r g e  axial  
c o n t r o l  gap requi red  (0.030-in. nominal) on  t h e  balance p i s t o n  t o  e l imina te  t h e  
p o s s i b i l i t y  of  rub, compensation for changes i n  t h r u s t  i s  n o t  g r e a t ,  

For  t h e  PHOTBUS app l i ca t ion ,  where long  du ra t ion  ope ra t ion  a t  
a11 speeds up to  11,500 rpm is required,  u s e  of f i x e d  o r i f i c e s  i n  t h e  ba lance  
p i s t o n  f l u i d  r e t u r n  l i n e s  would result i n  t h r u s t  r e v e r s a l  a t  low speed and excess ive  
t h r u s t  bear ing  load  a t  high speed, To o b t a i n  t h e  r equ i r ed  two-hour t h r u s t  bear ing 
l i f e ,  t h e  maximum t h r u s t  l oad  w i l l  be l i m i t e d  tao 20,000 l b  toward t h e  t u r b i n e ,  and 
t h r u s t  r e v e r s a l  w i l l  be  permitted only  at, ve ry  low speed. This  is accomplished by 
p l ac ing  pneumatically-operated (open o r  c losed )  valves  i n  t h r e e  o f  t h e  fou r  r e t u r n  
l i n e s .  
is  c o n t r g l l e d  by t h e  opening o r  c los ing  o f  t h e s e  valves  as requ i r ed  t o  maintain 
t h e  bea r ing  load  below 20,000 l b .  
F igue r  b9, which i n d i c a t e s  how t h e  va lves  are sequenced o r  pos i t i oned  f o r  ope ra t ion  
a t  any p o i n t  on t h e  o p e r a t i n g  map. 
t u r b i n e  exhaus t  p re s su re  a t  nominal opera t ion .  
and t h e  f low c o e f f i c i e n t  i s  CDE -- 0.43. 
approaches 20,000 l b  a t  approximately 7500 rpm, 

The balance p i s t o n  flow r a t e  and hence, t h e  p re s su re  a c t i n g  o n  the  pLston 

Operat ion o f  t h e  c o n t r o l  system i s  i l l u s t r a t e d  by  

The t h r u s t  va lues  shown are based upon 30 psia 
A t  low speed, a l l  va lves  are open 

A s  speed is increased ,  t h e  bear ing  l o a d  
A t  t h i s  po in t ,  one va lve  is  c losed  
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and t h e  t h r u s t  l o a d  drops t o  approximately 5000 l b .  
10,000 rpm again raises t h e  load  t o  20,000 l b  and the  second va lve  is closed.  
The t h i r d  va lve  is c losed  at approximately 11,000 rpm, 
a t  which each valve i s  sequenced m u s t  be  determined dur ing  development t e s t i n g .  
However, F igure  49 does i l lus t ra te  t h e  p r a c t i c a l i t y  of  t h i s  method f o r  t h r u s t  c o n t r o l  
and is  t h e  resu l t  of ex tens ive  system analysis u t i l i z i n g  computer programs developed 
f o r  t h e  M-1 program. Automatic sequencing of  t h e  t h r u s t  con t ro l  va lves  by t h e  speed 
t ransducer  is planned wi th  d i r e c t  readout  of bear ing  load  and manual c o n t r o l  o f  
t h e  va lves  serv ing  as a backup, 
t ransducer  e i t h e r  along o r  i n  combination wi th  a speed s i g n a l ,  may prove more 
r e l i a b l e  f o r  automatic  sequencing o f  t h e  va lves  a t  low speed. 
turbopump tes t  d a t a  w i l l  permit an early s e l e c t i o n  of  t h e  b e s t  method f o r  con t ro l .  
I n t e r l o c k i n g  o f  t h e  speed and t h r u s t  t ransducers  wi th  t h e  t u r b i n e  c o n t r o l  va lve  t o  
provide a d d i t i o n a l  safety aga ins t  overloading t h e  bear ings  can  be easily accomp- 
p l i shed .  
short- term load  c a p a b i l i t y  of  t h e  bear ings  and a c c i d e n t a l l y  exceeding t h i s  va lue  
by a f a c t o r  of  2 o r  3 w i l l  no t  r e s u l t  i n  f a i lu re  b u t  could s h o r t e n  bea r ing  l i f e .  

A f u r t h e r  speed inc rease  t o  

The f i n a l  o r i f i c i n g  and speeds 

Use of a s i g n a l  from t h e  pump d i scha rge  p res su re  

Analys is  of  M-1 

The 20,000 l b  maximum bearing load  permi t ted  is far below t h e  demonstrated 

During o p e r a t i o n  a t  very  low speeds,  t h e  balance p i s t o n  i s  
e s s e n t i a l l y  i n e f f e c t i v e  and pump t h r u s t  may exceed t u r b i n e  t h r u s t  r e s u l t i n g  i n  
bear ing load  r e v e r s a l .  The speed a t  which reversal occurs  is  d f f f k u l t  to p r e d i c t  
a t  low speed but  w i l l  be determined by t e s t  and 9tred-linedtt  as a speed to avoid  
f o r  cont inuous o p e r a t i o n  because unloading and skidding of  the  b a l l s  could r e s u l t .  

Nitrogen gas . .wil l  be  used f o r  t u r b i n e  drive dur ing  some develop- 
ment tests. 
hydrogen gas a t  t h e  same turbopump speed and power. 
n i t r o g e n  w i l l  be l i m i t e d  t o  approximately 6000 rpm, t h e  t h r u s t  bear ing  l o a d  w i l l  no t  
exceed 20,000 I b  as shown by F igure  SO. 
a l l  t h r u s t  c o n t r o l  valves  thereby  reducing balance p i s t o n  t h r u s t .  

This  results i n  much higher  t u r b i n e  t h r u s t  than t h a t  produced by 
Because tests wi th  gaseous 

Th i s  is  accomplished by t h e  c los ing  of  

60 Thrust  Bearing F l e x i b l e  Support  

The pump r o t o r  is  supported r a d i a l l y  by two r o l l e r  bear ings and 
axial ly  by a t r i p l e  s e t  of b a l l  t h r u s t  bear ings .  
end r o l l e r  bear ing are mounted i n  t h e  pump-end power t ransmiss ion  assembly as shown 
on F i g u r e  51. 
r i g i d l y  clamped i n  an  inne r  bear ing  housing. 
t o  t h e  o u t e r  housing by a f l e x i b l e  support ,  which i s  shown disassembled i n  F igure  52. 
The support  c o n s i s t s  of 72 long i tud ina l  b a r s  which errI.r.=Pe t h e  inner bear- 
housing. 
f o r  t h e  t h r u s t  bear ings  and are capable  of suppor t ing  a t h r u s t  l o a d  i n  e i t h e r  d i r e c t i o n  
i n  excess  of  200,000 l b .  
t h r u s t  bear ing  housing w i t h  a low r a d i a l  spr ing ra te  (% = 5.2 x l& lb/ in . ) .  
Th i s  low r a d i a l  spr ing  rate is d e s i r a b l e  fos t h e  fo l lowing  reasons :  

The t h r u s t  bea r ings  and pump- 

The t h r u s t  bea r ings ,  each provided wi th  a coolant  j e t  r ing ,  are 
The complete assembly is  a t t ached  

These b a r s  provide  r e l a t i v e l y  r i g i d  axial  r e s t r a i n t  (KA = 17.4 x 106 lb/ in . )  

An qhportant f u n c t i o n  of  these  b a r s  is t o  provide t h e  

The t h r u s t  bear ings are sub jec t ed  t o  ax ia l  load  o n l y  which ensures  
maximum t h r u s t  c a p a c i t y  and i k f e .  

The p o s s i b i l i t y  of  unloading and skidding of  t he  r o l l e r  bear ing  
i s  minimized because it m u s t  c a r r y  a12 r a d i a l  load .  

P r e d i c t i o n  of c r i t i c a l  speed is more exac t  because t h e  po in t s  
of  r o t o r  r a d i a l  support  a r e  c l e a r l y  de f ined ,  
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I n  add i t ion  t o  t h e  above advantages,  t h e  l o n g i t u d i n a l  bars  are 
equipped with s t r a i n  gages and used as a l o a d  ce l l  f o r  measurement o f  t h r u s t  
bear ing  l o a d  and t h e  c o e f f i c i e n t  o f  f r i c t i o n ,  This ins t rumenta t ion  as w e l l  as the  
bear ing  temperature  and a c c e l e r a t i o n  t ransducers  can be seen  i n  F i g u r e  52. 

Rotor  t h r u s t  i s  t r ansmi t t ed  from t h e  t h r u s t  bear ing  housing 
These t o  t h e  f l e x i b l e  suppor t  through 16 s tacks  of  Be lPev i l l e  washer sp r ings .  

s t acks  each conta in ing  40 washers are shown i n  F igure  51 i n  t h e  assembly a t  t h e  
r i g h t .  
because of higher  nominal t h r u s t  loads. 
t h r u s t  bear ing  loads  w i l l  be  l i m i t e d  to 20,000 l b .  
improves ax ia l  s t a b i l i t y  and ba lance  p i s ton  e f f e c t i v e n e s s .  
of t he  s p r i n g  d e f l e c t i o n  curve i s  e l imina ted  by preloading the  assembly t o  2500 l b  
and t o t a l  sp r ing  d e f l e c t i o n  is l i m i t e d  t o  0.033-in. by a mechanical s top .  The 
primary purpose o f  t h e  s p r i n g s  i s  t o  reduce t h e  r o t o r  axial  s p r i n g  rate and thus,  
o b t a i n  increased  feedback (de f l ec t ion )  f o r  balance p i s ton  t h r u s t  compensation. 
I n  addi t ion ,  d r y  f r i c t i o n  i n  t h e  washer s t a c k s  provides  damping f o r  improved r o t o r  
system axial s t a b i l i t y .  The sp r ings  o f f e r  l i t t l e  restraint t o  r o t a t i o n  of  t h e  
t h r u s t  bear ing assembly about  any axis perpendicular  t o  t h e  r o t o r  c e n t e r  line; 
hence, a p p l i c a t i o n  o f  moment loads t o  t h e  t h r u s t  bea r ings  as a r e s u l t  o f  housing 
o r  r o t o r  d i s t o r t i o n  and misalignment is n o t  possible .  
p o s s i b i l i t y  o f  bear ing  damage during chi l ldown and permits  t h e  bea r ings  t o  main ta in  
al ignment  wi th  t h e  s h a f t  under a l l  condi t ions.  

The M-1 turbopump uses 32 s t acks  of Bel levi l le  washers r a t h e r  t han  16 
Because of  l i f e  requirements ,  PHOJBUS 

Use o f  16 s t a c k s  in  PHOEBUS 
The non-l inear  p o s i t i o n  

This  feature minimizes t h e  

Rotor  axial  de f l ec t ion  as a func t ion  o f  app l i ed  bear ing load  
The s p r i n g s  provide a r e l a t i v e l y  low spr ing  rate of i s  shown by F igure  53* 

6.8 x 105 lb / in .  over  t h e  expected load range o f  zero to 27,500 lb .  
o r  below t h i s  r 

s h i p  t o  bear ing  l o a d  during decreasing load  d i f f e r s  cons ide rab ly  from t h a t  f o r  
i nc reas ing  load .  
which makes t h e  system somewhat i n s e n s i t i v e  t o  t h r u s t  changes. 

A t  l o a d s  above 
ge, o n l y  t h e  bear ings and f l e x i b l e  b a r s  d e f l e c t  and t h e  sp r ing  

rate is 7.1 x 1 t;9 , which limits to t a l  r o t o r  movement. Rotor  d e f l e c t i o n  i n  r e l a t i o n -  

Th i s  r e s u l t s  from the d i s s i p a t i o n  o f  energy (damping) i n  t h e  s p r i n g  

7. Rotor D.ynamics 

a. Axial S t a b i l i t y  

Rotor axial  t h r u s t  is  t r ansmi t t ed  t o  t h e  pump housing 
through t h e  t r i p l e  set of  t h r u s t  bearings,  t h e  72 l o n g i t u d i n a l  b a r s ,  and t h e  
Rellevil le washer s tacks .  These th ree  components a r e  i n  series and each as a spr ing .  
They produce t h e  l o a d  versus  d e f l e c t i o n  curve  shown on F i g u r e  53. 
l oad  range  of zero t o  20,000 l b ,  t h e  d e f l e c t i o n  curve i s  e s s e n t i a l l y  l i n e a r  f o r  
i nc reas ing  load ,  During decreas ing  load,  d e f l e c t i o n  i s  non-l inear  wi th  r e s p e c t  
t o  l o a d  becaase of  non-linear damping in t h e  B e l l e v f l l e  washers. 
are assembled i n  a manner which provides h igh  coulomb f r F c t i o n  and 5% d i s s i p a t i o n  
of  energy per  cyc le .  
f r i c t i o n  is  approximately 500 lb-sec/in., based upon s t a t i c  tests o f  t h e  system f o r  
i n c r e a s i n g  and decreas ing  loads ,  
ba lance  p i s t o n  p r o d d e s  t h e  system with an a d d f t i o n a l  500 lb-sec/in,  viscous damping 
which g i v e s  a t o t a l  damping cons tan t  o f  C - 1000 lb-sec/ in .  over t h e  expected t h r u s t  
h a d  range. 

Over t h e  expec ted  

The washer s t a c k s  

The equiva len t  v i scous  damping a t t r i b u t a b l e  t o  t h i s  d ry  

In  a d d i t i o n  t o  t h e  dsiiping ir! t h e  washers, t h e  
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The response o f  t h e  system to a suddenly-applied s t e p  
inc rease  i n  t h r u s t  has been analyzed using both t h e  equ iva len t  viscous damping 
cons t an t  and by t h e  use of a computer program which cons iders  t h e  non-lfnear  sp r ing  
rates and damping of t h e  system. 
c h a r a c t e r i s t i c .  
a t  a s t eady  s t a t e  load  i n  t h e  0 t o  27,500 l b  range i s  shown by Figure  She The 
system is extremely s t a b l e  and t h e  t r a n s i e n t  o s c i l l a t i o n  produced damps o u t  in 
approximately one cyc le  (0.0128 see ) .  Because o f  t h e  non-l inear  na tu re  of  t h e  
damping and t h e  Bel lev i l le  washer sp r ing  rate f o r  decreasing loads ,  t h e  bear ing 
l o a d  and r o t o r  d e f l e c t i o n  are s l i g h t l y  o u t  of phase and t h e  ampl i f i ca t ion  of  l o a d  
i s  g r e a t e r  than  t h a t  of def lec t ion .  
resu l t  i n  a t r a n s i e n t  increase in bearing l o a d  o f  approxbnately 1350 l b  ( a m p l i f i c a t i o n  
f a c t o r  of 1.35). 
would be 1.2 
would approach 2 and o s c i l l a t i o n  o f  t h e  system would cont inue f o r  many cyc le s .  

Both methods o f  a n a l y s i s  y i e l d e d  t h e  same response 
The response of  t h e  system t o  a s t e p  change i n  t h r u s t  w h i l e  o p e r a t i n g  

A s t e p  change i n  t h r u s t  o f  1000 l b  would 

The corresponding ampl i f i ca t ion  of  t h e  s t a t i c  r o t o r  d e f l e c t i o n  
Note t h a t  f o r  small damping, a m p l i f i c a t i o n  o f  l o a d  and d e f l e c t i o n  

The damped n a t u r a l  f requency of  axial v i b r a t i o n  o f  t h e  
It is lower t h a n  M-1 because o n l y  16 PHOEBUS r o t o r  system is 78 cps,  4680 rpm. 

s p r i n g  s t a c k s  are used i n s t e a d  of the 32 used i n  M-1. 
PHOEBUS turbopump a t  o r  near  t h i s  frequency 'is requi red .  
t o  a f o r c e  vary ing  s i n u s o i d a l l y  a t  the speed o f  r o t a t i o n  is  shown by F igure  55. 
A5 t h e  speed inc reases  from 0 t o  4680 rpm, t h e  ampl i f i ca t ion  f a c t o r  i nc reases .  

S t a b l e  ope ra t ion  o f  t h e  
Response o f  t h e  system 

b. Tors iona l  Vibra t ion  

A t o r s i o n a l  v f b r a t i o n  a n a l y s i s  of t h e  PHBEBUS turbopump 
r o t o r  was completed. The lowest  t o r s i o n a l  c r i t i c a l  speed occurs  a t  approximately 
20,000 rpm, w e l l  above t h e  PFIOEE3US overspeed p o i n t  o f  lh950O rpm. This  lowes t  
n a t u r a l  frequency occurs  wf th  t h e  mode o f  v i b r a t i o n  where t h e  pump and t u r b i n e  
r o t o r s  r o t a t e  i n  oppos i te  d i r e c t i o n s  and w i t h  t h e  t u r b i n e  s h a f t  a c t i n g  as t h e  
t o r s i o n a l  spr ing .  Tors iona l  v ib ra t ion  imposes no o p e r a t i o n a l  l i m i t a t i o n s .  

CO C r i t i c a l  Speed 

During development of  t h e  M-1 f u e l  turbopump, e x t e n s i v e  
a n a l y s i s  of c r i t i c a l  speed and refinement o f  computer programs f o r  t h i s  purpose 
were accomplished. 
mod i f i ca t ion  of  t h e  inducer ,  t h e  PHOEBUS turbopump i s  i d e n t f c a l  t o  t h e  M - 1  as 
r e g a r d s  c r i t i c a l  speed. Analysis  of t h e  PHOEBUS turbopump, considerfng t h e  above 
modi f ica t ions ,  has been completed,, For t h i s  a n a l y s i s ,  t h e  rotor and housing were 
cons idered  as two beams connected by non-l inear  sp r ings  represent ing  the  r o l l e r  
bear ings .  
s t a t i o n s ,  r e spec t ive ly ,  wi th  t h e  mass of each s t a t i o n  concent ra ted  a t  t h e  cen te r  
of  t h e  s t a t i o n .  Conical wh i r l  of the r o t o r ,  r e s u l t i n g  from e c c e n t r f c i t y  at -420'F 
was cons idered  by p l ac ing  fo rces  a t  t h e  inducer  and t u r b i n e  r o t o r s  which vary wi th  
s h a f t  speed. 
f u n c t i o n  o f  l o a d  P as  fo l lows:  

With t h e  exception of changes i n  pump blade he igh t  and 

The beams r ep resen t ing  t h e  r o t o r  and housing were divided i n  37 and 34 

The non-l inear  sp r ing  rates o f  t h e  bea r ings  were expressed as a 

Ktu rb ine  1.09 (10l6 p 0.224 
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The r e s u l t s  of  t he  analysis are presented  i n  F igu re  56 
which shows the  pump and t u r b i n e  end r o l l e r  bear ing  r e a c t i o n s  as a f u n c t i o n  of  
s h a f t  speed and t h e  f i r s t  apparent c r i t i c a l  speed a t  17,500 rpm. 
r e a c t i o n s  a t  t h e  overspeed condi t ion  o f  1h,500 rpm are L,400 l b  and 10,000 l b ,  
both s l i g h t l y  below t h e  bear ing design loads. 
of 11,500 rpm, loads  are approximately 3,2OOlb and, 630 l b  f o r  t he  t u r b i n e  and 
pump bear ings ,  r e spec t ive ly .  These loads  do n o t  inc lude  r a d i a l  loads  caused by 
hydraul ic  unbalance in t h e  pump and turb ine ;  however, t h e s e  should be q u i t e  small 
because both u n i t s  are axial  flow. 
f o r  cont inued  ope ra t ion  a t  an overspeed cond i t ion  of  14,500 rpm. 
r o l l e r  bear ing  t e s t i n g ,  overspeeding f o r  s h o r t  per iods ,  even above 14,500 rpm, 
should not d i s t r e s s  t h e  more heavily-loaded t u r b i n e  bear ing .  

The bea r ing  

A t  t h e  nominal ope ra t ing  speed 

No c r i t i c a l  speed problem i s  envis ioned  even 
Based upon M-1 

An a d d i t i o n a l  c r i t i c a l  speed analysis cons ider ing  t h e  
e f f e c t s  of t h e  proposed PHOEBUS mounting s t and  w a s  conducted. S t i f f n e s s  of  t h e  
mounting s t r u c t u r e  i n  each d i r e c t i o n  is  rep resen ted  by spr ings .  
the  frame i s  s u f f i c i e n t l y  f l e x i b l e  such t h a t  t h e  coupl ing of t h e  r i g i d  body and 
r o t o r  dynamics i s  important o n l y  i n  t h e  l o c a l  v i c i n i t y  of  t h e  r i g i d  body n a t u r a l  
f r equenc ie s  of hi' and 64 cps.  
3850 rpm, which correspond t o  these  f requencies .  Because t h e  turbopump assembly 
w i l l  normally on ly  be  pass ing  through t h e s e  speeds t o  some h ighe r  speeds,  no 
s i g n i f i c a n t  problem i s  expected. Should cont inued ope ra t ion  a t  t h e s e  f r equenc ie s  
be required,  i n t roduc t ion  of damping o r  v i b r a t i o n  i s o l a t o r s  can easily be accomplish- 
ed. 

It was found t h a t  

The power level i s  q u i t e  low a t  2820 rpm and 

G. SPFC IAL FF'TURRS 

1. Torque Measuring Device 

The M-1  turbopump i s  equipped wi th  a unique device  t o  measure 
A Permanickel Alloy 300 s l eeve  is keyed a t  both ends to t h e  s h a f t  s h a f t  torque. 

between t h e  t u r b i n e  and pump r o t o r .  
t h e  s leeve.  S t r a i n  i n  t h e  s l e e v e  is  p ropor t iona l  t o  t h e  torque  being t ransmi t ted .  
Because of  t h e  magnos t r ic t ive  p rope r t i e s  o f  Permanickel, t h e  inductance  o f  t h e  
c o i l  v a r i e s  w i t h  t h e  s t r a i n  of  t h e  s l eeve  and i s  used as a measure of  s h a f t  to rque .  
Laboratory tests have shown t h a t  t h e  to rque  versus inductance curves  are l i n e a r ,  
except  f o r  h igh  and low s t r a i n s .  
l i n e a r  po r t ion  of t h e  curve a t  low torque.  
a s  y e t  been demonstrated by tes t  with t h e  M - 1  f u e l  turbopump. 
f o r  PHOEBUS is approximately one-half t h a t  f o r  which t h e  device  was designed, t hus  
i ts  s u i t a b i l i t y  f o r  to rque  measurement i n  t h e  PHOERUS a p p l i c a t i o n  wi th  i ts  lower 
speed and power is ques t ionable  although if it proves  success fu l  f o r  M-1, it w i l l  
be supp l i ed  i n  t h e  PHOEBUS turbopump. 

A s t a t i o n a r y  c o i l  is  mounted concent r ic  w i t h  

The sleeve i s  pre loaded  t o  e l i m i n a t e  t h e  non- 
This  t o r q u e  measuring concept  has  no t  

Maximum s h a f t  t o rque  

An a l t e r n a t i v e  torque  measurement system f o r  PHOEBUS has been 
designed and i s  recommended f o r  use i f  a c c u r a t e  measurement of to rque  i s  important  
with t h e  PHOEBUS f a c i l i t y  pump, o r  if unexpected problems ar ise  w i t h  t h e  M - 1  device.  
This  system u t i l i z e s  a commercially-available s l i p - r i n g  assembly produced by Lelow 
Associates ,  Inc.  The assembly mounts a t  t h e  e n d  of t h e  PHOEBUS t u r b i n e  s h a f t  i n s i d e  
of  t h e  r o t o r  locking  device. 
t u rb ine  s h a f t  t o  an e l e c t r i c a l  r e s i s t a n c e  s t r a i n  gage b r idge  l o c a t e d  on t h e  t u r b i n e  
s h a f t  a d j a c e n t  to t h e  sp l ine .  
o r i e n t e d  a t  LS-degrees t o  t h e  s h a f t  c e n t e r l i n e  and  provide high s i g n a l  ou tpu t  with 

E l e c t r i c a l  l e a d s  are c a r r i e d  through t h e  hollow 

Four gages (two t e n s i o n  and two compression) are 
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temperature  compensation. 
is p o s s i b l e  even a t  low s h a f t  horsepower. 
measuring system requ i re s  only  minor rework o f  t h e  t u r b i n e  s h a f t  ( i .e. ,  d r i l l i n g  
of ho les  f o r  e l e c t r i c a l  l eads ) .  
have been designed t o  permit i n s t a l l a t i o n  of t h e  s l i p  r i n g  assembly. 

S e n s i t i v i t y  i s  such t h a t  a c c u r a t e  measurement of to rque  
I n s t a l l a t i o n  o f  t h i s  a l t e r n a t i v e  torque  

The t u r b i n e  exhaus t  housing and r o t o r  lock  device  
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The a l t e r n a t i v e  torque  measuring system o f f e r s  t h e  a d d i t i o n a l  
advantage o f  providing e l e c t r i c a l  c i r c u i t s  from t h e  r o t o r  which can a l s o  be used 
f o r  t r a n s m i t t i n g  s i g n a l s  o t h e r  t han  torque. Measurement of r o t o r  and s t a t o r  vane 
s t r a i n ,  vane v ib ra t ion ,  and temperatures  can be  easily accomplished by r o u t i n g  
e l e c t r i c a l  l e a d s  from t h e  s l i p - r i n g  assembly, through t h e  hollow r o t o r  t o  t h e  d e s i r e d  
loca t ions .  T h i s  c a p a b i l i t y  would be most u se fu l  during development t e s t i n g .  The 
torque  measurement device  r e q u i r e s  o n l y  four  channels  and s , l ip - r ing  u n i t s  w i th  up 
t o  22 channels  are a v a i l a b l e .  

2, Rotor Lock Device 

During t h e  chi l ldown and purge cycle ,  i t  is  advantageous t o  e i t h e r  
c o n t r o l  pump r o t a t i o n  o r  t o  s t o p  it a l toge the r .  Inasmuch as t h e  c h i l l  and purge 
cyc le s  could  be of long  dura t ion ,  i t  appears advantageous t o  hold t h e  r o t o r  s t a t i o n a r y  
u n t i l  it is des i r ab le  t o  a l low r o t a t i o n .  

The locking device i s  l o c a t e d  downstream from t h e  second s t a g e  
t u r b i n e  wheel. 
d i sca rded  because of complexity and s e r v i c i n g  d i f f i c u l t y .  
l o c a t i o n ,  t h e  complete assembly is easi ly  a c c e s s i b l e  without  d i s t u r b i n g  t h e  turbo- 
pump assembly o r  t es t  s e t u p ,  

Other l o c a t i o n s  wi th in  t h e  pump were eva lua ted ,  bu t  they were 
I n  t h e  s e l e c t e d  

The parameters governing t h e  locking  o f  t h e  r o t o r  are: 

a. P o s i t i v e  mechanical l o c k  i n  e i t h e r  d i r e c t i o n .  

b. P o s i t i v e  l o c k  engagement i n  any r o t a t i o n a l  p o s i t i o n  i n  
which t h e  r o t o r  s tops .  

C. Mechanical i n t e g r i t y  t o  res is t  210 f t - l b  o f  torque. 

d. P o s i t i v e  i n d i c a t i o n  as t o  engagement and disengagement 
of t h e  locking  device. 

The design o f  t h e  r o t o r  locking  device  i s  shown i n  F igu re  57. 
The hub o f  t h e  second s t a g e  t u r b i n e  wheel 1s used as t h e  anchoring p o i n t  f o r  t h e  
to rque - re s i s t i ng  adapter  r ing .  

The use of t h e  second s t a g e  wheel hub g i v e s  a p o s i t i v e  a t tach-  
ment p o i n t  w i th  a minimum amount o f  rework t o  t h e  e x i s t i n g  conf igu ra t ion .  This 
rework c o n s i s t s  of adding four  equally-spaced key s l o t s ,  matching f o u r  s l o t s  i n  
an adapter  r i n g  t h a t  f i t s  around t h e  hub and provides  the  means by which t h e  lock ing  
device is a t tached  t o  t h e  r o t o r  assembly. 
ment between t h e  pump r o t o r  and t h e  locking dev ice  assembly, a bevel  g e a r  i s  
bo l t ed  t o  t h e  adapter r i n g  on  t h e  t u r b i n e  wheel hub. 
keys become a permanent p a r t  o f  t he  second s t a g e  t u r b i n e  wheel. 

To provide f o r  engagement and disengage- 

These two parts wi th  t h e i r  
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The r o t o r  locking device  assembly c o n s i s t s  of a pneumatic p i s t o n  
ca r ry ing  a r eve r se  beve l  gear .  
tube  ( b o l t e d  t o  t h e  t u r b i n e  exhaust manifold)  and engages the  mating gear  a t t a c h e d  
t o  t h e  tu rb inewhee l .  The complete u n i t  can  be assembled s e p a r a t e l y  and i n s t a l l e d  
in t h e  pump as a k i t .  

This  gear  moves axial ly  i n  a to rque  r e s i s t i n g  

The r o t o r  i s  locked by engaging t h e  two bevel  gears .  The a c t u a t -  
ing p i s t o n  is cushioned on both ends t o  a l low smooth engagement of t h e  gear  t e e t h  
and g e n t l e  ac tua t ion  of  t h e  p o s i t i o n  micro switches.  
has t h r e e  1-in.  diameter bosses  welded t o  t h e  o u t s i d e  diameter  of t h e  gear  tube. 
These bosses  extend through s l o t s  i n  t h e  t o r q u e - r e s i s t i n g  tube,  which is  mounted 
t o  t h e  pad on the  bottom of  t h e  t u r b i n e  exhaust  manifold.  
from t h e  turbopump r o t o r  assembly, it is t r ansmi t t ed  through t h e  gear  t e e t h  t o  
t h e  t h r e e  bosses which are engaged i n  s l o t s  i n  t h e  to rque  r e s i s t i n g  tube.  The 
tube  then  t ransmi ts  t h e  torque  i n t o  t h e  t u r b i n e  exhaust manifold.  

The gea r  d r iven  by t h e  p i s t o n  

A s  to rque  i s  appl ied  

The p o s i t i o n  of  t h e  locking gea r  is i n d i c a t e d  by a set  o f  limit 
switches.  They are ac tua ted  by an a d j u s t a b l e  arm mounted on t h e  p i s t o n  rod. 
For  r e l i a b l e  p o s i t i o n  i n d i c a t i o n ,  t h e r e  are two swi tches  t o  s i g n a l  t he  locked  p o s i t i o n  
and two switches t o  s i g n a l  t h e  unlocked pos i t i on .  

The n i s t o n  and switches could  be i n s t a l l e d  i n s i d e  t h e  t u r b i n e  
exhaust manifold, however, i t  appears more advantageous t o  mount them e x t e r n a l l y ,  
which s i m p l i f i e s  t h e  plltmbing and wir ing  requirements.  Also,  it a l lows  space 
between t h e  end of  t h e  turbopump r o t o r  s h a f t  and the  p i s t o n  rod, i n t o  which a s l i p -  
r ing-type torque measuring device could be i n s t a l l e d  should it become necessary  
t o  r ep lace  t h e  e x i s t i n g  PI-1 torquemeter f o r  low speed opera t ion .  

3 .  Rotor Breakaway and Running Torque Measurement 

Although i t  is n o t  a s p e c i f i c  requirement  t o  provide a means 
f o r  determining t h e  pump breakaway torque,  it i s  recommended t h a t  t h i s  be inc luded  
i n  t h e  modif icat ions.  

The r o t o r  lock  device  provides  a simple inexpensive means 
f o r  measuring pump breakaway torque ( see  F igure  57). 

The beve l  gear ,  which is  a t t a c h e d  t o  t h e  t u r b i n e  wheel and used 
When t h e  r o t o r  l ock  p i s t o n  disengages,  f o r  t h e  r o t o r  lock,  i s  t h e  d r i v e n  member. 

a beve l  p in ion  gear can be pushed i n t o  p o s i t i o n  and turned  wi th  a to rque  wrench 
t o  determine t h e  turbopump assembly breadaway and running torque .  

T h e  assembly c o n s i s t s  of a rod ex tending  through t h e  s i d e  o f  
t h e  exhaust  manifold. 
socke t  f o r  a torque  wrench on t h e  o u t e r  end. 
i n  a housing bo l t ed  t o  a pad on  t h e  o u t s i d e  of t h e  exhaust  manifold.  
p in ion  i s  c l e a r  o f  t h e  r o t o r  l ock ,  a s p r i n g  is provided i n  t h e  housing around t h e  
s h a f t  so t h a t  as p res su re  is r e l eased ,  t h e  p in ion  and rod p u l l  o u t  o f  t h e  way of  
t h e  r o t o r  lock. 
turbopump assembly i s  i n  ope ra t ion .  

This  rod  has  a beve l  gea r  p i n i o n  on t h e  i n n e r  end and a 
It is supported by two bushings mounted 

To ensure  t h e  

A sea l ed  cover is provided f o r  t he  torqued  end o f  t h e  rod when t h e  
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4. Rotor Pos i t i on  Metering System 

For  measuring t h e  axial and r a d i a l  displacement of  t h e  r o t o r ,  
fou r  "Bentleyn d i s t a n c e  d e t e c t o r  probes are used. Two probes are mounted 90 degrees  
a p a r t  i n  t h e  guide vane housing f ac ing  t h e  inducer hub f o r  axial movement de t ec t ion ,  
and t h e  o t h e r  two probes are a l s o  placed 90  degrees  a p a r t  and h e l d  i n  t h e  s i x t h  
s t a g e  stator blade retainer r i n g  t o  de tec t  r a d i a l  displacement ( s e e  F igu re  58). 

The d i s t a n c e  d e t e c t o r  c o n s i s t s  of a c o n t r o l  u n i t  and a proximity 
sensor  head. This  head i s  mounted a t  t h e  p o i n t  where t h e  measurement i s  t o  be  
made and connected by a sh ie lded  b i - ax ia l  cab le  through leak-proof connectors  on 
t h e  pump housing t o  t h e  con t ro l  u n i t .  

The sensor  element is a pancake-wound c o i l ,  exc i t ed  from a n  
o u t s i d e  source,  and produces a n  eddy c u r r e n t  f i e ld .  
t h i s  case, t h e  aluminum inducer o r  Inconel  b lad ing)  placed n e a r  t he  c o i l  w i l l  l oad  
it i n  p ropor t ion  to t h e  gap between the c o i l  and conductive s u r f a c e  producing 
a change 

A n y  conduct ive s u r f a c e  (in 

i n  t h e  vo l t age  output  of t h e  c o n t r o l  un i t .  

The e l e c t r i c a l  c i r c u i t  is e s s e n t i a l l y  a tuned c o l l e c t o r -  
emitter c o n f i g u r a t i o n  wi th  necessary  r e c t i f y i n g  and a m p l i f i c a t i o n  s t a g e s  t o  
provide a d e s i r e d  output  impedance. 

To ope ra t e  w i t h i n  t h e  l i n e a r  po r t ion  o f  t he  FMF s lope ,  
es tab l i shment  of  a s c a l e  f a c t o r  w i l l  be necessary  by c a l i b r a t i o n  a t  ope ra t ing  
temperatures .  
i n t o  t h e  inducer back f a c e  and one of t h e  s i x t h  s t a g e  r o t o r  b lades  is  made s h o r t e r  
by O.OC3/0.0Os-in. 
on t h e  ins t rumenta t ion  record  a t  d i f f e r e n t  d i s t ances  from which t h e  s l o p e  and 
s c a l e  f a c t o r  of  t h e  c a l i b r a t i o n  curve is  obtained.  

To accomplish t h i s ,  a 0.003/0.00S-in. deep r a d i a l  s l o t  i s  m i l l e d  

This  known d i f f e rence  i n  t h e  gap w i l l  r e s u l t  i n  d e f l e c t i o n s  

5'. Turbopump Response t o  4 cps  Speed Change Comand 

The energy requi red  t o  a c c e l e r a t e  t h e  turbopump r o t a t i n g  
assembly is  r e l a t i v e l y  small as compared wi th  t h e  energy requ i r ed  t o  a c c e l e r a t e  
t h e  f l u i d s  in  pump s u c t i o n  and d ischarge  l i n e s  as w e l l  as t o  compress and 
a c c e l e r a t e  t h e  f l u i d s  i n  t h e  t u r b i n e  i n l e t  and exhaust  l ines.  
response i s  comparable t o  an  average speed ramp o f  approximately 10,000 rpm/sec 
A d e t a i l e d  s tudy  o f  t h e  dynamic response of  t h e  turbopump ope ra t ing  i n  the  NRDS 
system is beyond t h e  scope of  t h i s  e f f o r t ;  however, a l c u l a t i o n s  were performed 
t o  ensu re  t h a t  t h e  mass moment of  i n e r t i a  o f  t h e  r o t o r  does have a relat ively 
small e f f e c t  upon t h e  dynamic response of t h e  r e a c t o r  f eed  system. 

2 
The r equ i r ed  

The followfng a r e  r a t i o s  of  t h e  energy r equ i r ed  t o  a c c e l e r a t e  
arid compress t h e  f l u i d s  i n  one f o o t  l eng ths  of t h e  pump and t u r b i n e  l i n e s ,  t o  t h e  
energy r equ i r ed  t o  overcome t h e  mass i n e r t i a  of t h e  pump r o t a t i n g  assembly: 

ASSUMED PIPE RATIO (ENERGY TO ACCELERATE AND 
INSIDE DIAMETER COMPRESS n U I n  I N  ONE FOOT OF LINE 

PIPE ( in.  ) TO ENRRGY TO ACCELERATE ROTOR) 

Pump S u c t i o n  10 
Dump Discharge 8 
Turbine  I n l e t  8 

urb ine  Discharge 15 

1.98 
2.89 

23.4 
18.3 
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T h i s  t a b u l a t i o n  ind ica t e s  t h a t  t h e  dynamic response o f  t h e  
system i s  predominately a func t ion  o f  t h e  l i n e  l eng ths  and t h e  mass i n e r t i a  of 
t h e  pump r o t o r  has o n l y  a minor inf luence.  
than  s u f f i c i e n t  to rque  t o  produce a 10,000 rpm/sec2 average speed ramp a t  11,500 rpn. 

The t u r b i n e  can produce more 

6. Cont ro l  and S a f e t y  Requirements 

a. Normal Operation 

(1) Pre-Test Bleed-In and Chilldown 

Current ly ,  temperature  and pressure  measurements 
are t o  be  used t o  determine t h e  ex ten t  t o  which t h e  M - 1  f u e l  turbopump is c h i l l e d  
down. P a r t i c u l a r  a t t e n t i o n  is g iven  to  measurements i n  the  r eg ions  o f  t h e  bear ings  
to ensure t h a t  t h e  p re s su res  are c l o s e  t o  t h e  vapor p re s su re  of hydrogen. These 
measurements, which w i l l  be  demonstrated wi th  t h e  M - l 9  w i l l  a l s o  be used f o r  t h e  
?HODUS turbopump to determine t h e  ex ten t  o f  chilldown. 

( 2 )  Turbopump Acce le ra t ion  and Decelera t ion  

No limits f o r  turbopump s h a f t  a c c e l e r a t i o n  o r  
d e c e l e r a t i o n  have been s p e c i f i e d  f o r  t h e  M - 1  f u e l  turbopump. It is a n t i c i p a t e d  
t h a t  i n  an M-1 engine nominal s tar t  t r a n s i e n t ,  a maximum ins tan taneous  f u e l  
turbopump a c c e l e r a t i o n  of 12,500 rpm per second w i l l  be  experienced.  A 4 cps 
speed v a r i a t i o n  of It 5% a t  nominal speed, which is a des i r ed  va lue ,  corresponds 
t o  a maximum ins tan taneous  acce le ra t ion  o r  d e c e l e r a t i o n  of  llr,500 rpm/sec if  a 
s i n u s o i d a l  speed v a r i a t i o n  is  assumed. 
above values,  14,500 rpm/sec, b e  used as a maximum l i m i t  f o r  a c c e l e r a t i o n  and 
d e c e l e r a t i o n  of  t h e  PHOEBUS turbopump. 

It is recommended t h a t  t h e  l a r g e r  o f  t h e  

( 3 )  S t a l l  Detec t ion  and Control  

Pump s t a l l  can b e  de t ec t ed  by a sudden drop i n  
pump d ischarge  p res su re  o r  f low r a t e ,  o r  an i n c r e a s e  i n  speed. 
and PHOEBUS pump designs have r e l a t i v e l y  l i gh t ly - loaded  s t a g e s  so t h a t  t h e  
s t a l l  excurs ion  i s  not  expec ted  t o  be severea 
f o r  t h e  M-1  con f igu ra t ion  i s  c u r r e n t l y  a v a i l a b l e ,  These d a t a  i n d i c a t e  t h a t  t h e  
s t a l l  p o i n t  i s  a t  78% t o  80% of t h e  design f low c o e f f i c i e n t  and s t a l l  recovery  
occur s  a t  83% t o  86%. 
below t h e  u n s t a l l e d  va lue  shen s ta l l  o c c u r s e  These va lues  may d i f f e r  from those  
ob ta ined  i n  hydrogen because of t h e  l a r g e  d i f f e r e n c e s  i n  Reynold's number between 
t h e  water and hydrogen tests,  the  compress ib i l i t y  o f  hydrogen, and s i z e  effects.  
However, s a t i s f a c t o r y  s t a l l  recovery c h a r a c t e r i s t i c s  are  expected f o r  t h e  M-1 
and PHOEBUS des igns  pumping hydrogen. 

Both t h e  PI-1 

S c a l e  model pump t e s t  d a t a  (water) 

The s t a g e  t i p  s t a t i c  p re s su re  drops approximately 13% 

No data  are a v a i l a b l e  t o  firmly e s t a b l i s h  upper 
limits i n  speed f o r  pump o p e r a t i o n  i n  s t a l l .  It i s  recommended t h a t ,  if t h e  pump 
must be opera ted  i n  s t a l l ,  t h e  speed o f  t h e  pinp be  l i m i t e d  %o as low a va lue  as 
poss ib l e .  
approaching nominal speed o r  grea te r ,  it Is recommended a t  t h i s  time t h a t  t h e  
pump b e  disassembled f o r  i n spec t ton  of  a l l  pump b lad ing  before  f u r t h e r  o p e r a t i o n  
i s  attempted. 

If t h e  pump should inadve r t en t ly  be ope ra t ed  in s ta l l  a t  speeds 

Th i s  m a y  no t  be requi red  after a d d i t i o n a l  experience i s  gained. 
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(4) Axial Thrust  Balance-Control 

Control of  axial t h r u s t  and a d i scuss ion  of  t h e  
p o s s i b l e  parameters t h a t  may be used t o  monitor pump axial  t h r u s t  were provided 
i n  t h e  d i scuss ion  under Power Transmission Design Modif icat ions.  

(5) Pump Cav i t a t ion  Detect ion and Control  

No d i f f i c u l t y  wi th  pump c a v i t a t i o n  is  expected 
over t h e  nominal range o f  pump flow rates,  speeds,  and s u c t i o n  pressures .  If 
t h e  pump should inadve r t en t ly  be  ope ra t ed  a t  lower than nominal s u c t i o n  pressures ,  
o r  higher  than  nominal f low rates o r  speeds,  a pump overspeed may r e s u l t  because 
o f  unloading of t h e  pump, caused by c a v i t a t i o n .  
and p res su re  i n s t a b i l i t y  precede pump overspeed. 

Experience may show t h a t  speed 

(6)  Bearing F a i l u r e  Detec t ion  

Experience gained from t h e  M-1 bea r ing  t e s t  program 
i n d i c a t e s  t h a t  bear ing temperature  measurements may be  used as a " k i l l "  parameter  
t o  i n i t i a t e  a programed shutdown if a bea r ing  f a i l u r e  i s  experienced. No i n s t a n c e  
of damage t o  the  bear ing t e s t e r  because of bear ing  fa i lure  has  been experienced 
i n  t h e  M - 1  bear ing test  program. I n  a l l  cases  of bear ing  fa i lure ,  temperature  
i n d i c a t i o n s  permi t ted  a shutdown i n  time t o  avoid damage t o  t h e  tes ter .  

Bearing accelerometers  a r e  provided on t h e  PHOEBUS 
turbopump as well as temperature  measurements; however, at t h i s  t h e ,  it is  
planned t o  use  temperature measurements t o  monitor  bear ing  performance, w i th  
acce lerometers  as an a l t e r n a t i v e .  
bear ing tes t s  have been d i f f i c u l t  t o  eva lua te .  If such d i f f i c u l t i e s  are reso lved  
i n  t h e  f u t u r e ,  t h e  accelerometer  measurements may prove t o  be an even more r e l i a b l e  
i n d i c a t o r  o f  bear ing performance. 

To date, t h e  accelerometer  d a t a  ob ta ined  from 

To prevent  bear ing f a i l u r e s ,  i t  is  recommended 
t h a t  t h e  turbopump be disassembled a t  two-hour i n t e r v a l s  f o r  i n spec t ion  of bear ings 
and bear ing replacement as requi red .  In spec t ion  o f  t h e  bear ings  a t  more f r equen t  
i n t e r v a l s  i s  recommended i f  t h e  nominal speeds o r  nominal bear ing loads  are 
exceeded. 

( 7 )  Pump and Turbine Blade F a i l u r e  Detec t ion  

To a i d  i n  t h e  d e t e c t i o n  of  pump and t u r b i n e  blade 
failures, it i s  recommended t h a t  pump casing v i b r a t i o n  be monitored by v i b r a t i o n  
o r  displacement  pickups, mounted t o  measure v i b r a t i o n  a long  t h r e e  m u t u a l l y -  
perpendicular  axes. A n y  abnormal v i b r a t i o n  observed during s t e a d y  o p e r a t i o n  of 
t h e  pump, combined wi th  sudden s h i f t s  i n  turbopump speed, f low rate,  o r  d i scharge  
pressure ,  would probably i n d i c a t e  s t r u c t u r a l  f a i l u r e  i n  t h e  pump o r  t u r b i n e  blades.  
An abnormally high r equ i r ed  t u r b i n e  i n l e t  p re s su re  f o r  a g iven  pump ope ra t ing  
cond i t ion  should a l s o  be  considered as i n d i c a t i v e  of b lad ing  d i s t r e s s .  

A s  i n  t h e  case of  t h e  bea r ings ,  t h e  Pump and 
t u r b i n e  blading should be in spec ted  a t  two hour i n t e r v a l s  of o p e r a t i n g  l i f e ,  
o r  more f r equen t ly  i f  t h e  nominal ope ra t ing  range o r  turbopump s u c t i o n  p res su res ,  
speeds,  and f low rates is exceeded, o r  t h e  turbopump is opera ted  a t  speeds c l o s e  
t o  b lade  resonance speeds. 
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(8)  Turbopump Emergency Shutdown 

I n  t h e  event a malfunct ion i n  t h e  turbopump is 
de tec ted ,  turbopump ope ra t ion  should  be te rmina ted  as r a p i d l y  as p o s s i b l e  to 
minimize damage t o  t h e  turbopump and o the r  components of  t h e  t e s t  system. 
Rearing f a i l u r e s ,  i n  p a r t i c u l a r ,  progress  very  r ap id ly ,  For  t h i s  reason,  it may 
be  necessa ry  t o  provide an a l t e r n a t i v e  means f o r  supplying coolan t  t o  t h e  t e s t  
r e a c t o r  system t o  be used i n  t h e  event  an emergency turbopump shutdown is required.  

b. Overspeed 

F i g u r e  44 i s  a p l o t  of  t h e  r o l l e r  bear ing  r a d i a l  l o a d s  
and c o n t a c t  stress versus  s h a f t  speed. 
t h e  t u r b i n e  end and pump end r o l l e r  bearing stress va lues  are 315 and 325 k s i ,  
r e spec t ive ly .  The e s t ima ted  e l a s t i c  l i m i t  con tac t  stress of  t h e  bear ing material 
i s  350 k s i  a t  t h e  ope ra t ing  temperature.  
stress value i s  c lose  t o  t h i s  l i m i t ,  it is recommended t h a t  t h e  overspeed c o n t r o l  
system be  designed so t h a t  maximum s h a f t  speed i s  l i m i t e d  t o  14,500 rpm. If 
requi red ,  a d d i t i o n a l  c o n t r o l  of  turbopump overspeed can be achieved by: 
i ng  blow-off ha tches  in t h e  gas  sys t en  c l o s e  t o ,  o r  i n  t h e  t u r b i n e  manifold; 
r a p i d  c los ing  t u r b i n e  exhaus t  valves;  a blow-off gas  vent from t h e  t u r b i n e  i n l e t  
t o  t h e  t u r b i n e  exhaust ;  o r  independent p re s su re  supply  to r a p i d l y  p r e s s u r i z e  t h e  
t u r b i n e  exhaust. 

A t  t h e  PI-1 design overspeed of  14 ,SCO rpm, 

Because t h e  tu rb ine  end r o l l e r  bea r ing  

inco rpora t -  

It m a y  be  poss ib le  t o  o p e r a t e  t h e  turbopump at  speeds 
higher  t han  14,500 rpm f o r  br ief  per iods  of time wi thout  damaging any o f  t h e  
components; however, because o f  l i m i t e d  a v a i l a b l e  knowledge concerning h igh  
speed bear ing  opera t ion ,  i t  is recommended t h a t  t h e  turbopump bearings be in spec t -  
ed a f te r  ope ra t ion  above 14,500 rpm and be fo re  further o p e r a t i o n  o f  t h e  turbo-  
PUP.  

A p a i r  o f  e lectromagnet ic  speed t r ansduce r s  are provided as 
an i n t e g r a l  p a r t  o f  t h e  turbopump. 
would be suppl ied a long  wi th  t h e  turbopump. 
s i g n a l s  generated by t h e  speed t ransducer .  
ampli tude and width,  then  continuously b e a t  a g a i n s t  a p re - se t  t i m e  i n t e r v a l .  
If an excess ive  number of  pu l se s  a r e  rece ived  i n  any one time interval, a t r i p  
s i g n a l  i s  generated.  
p e a t a b i l i t y .  

A f l i g h t  s a f e t y - c e r t i f i e d  overspeed d e t e c t o r  
This  d e t e c t o r  uses  t h e  pu l se  

The s i g n a l  i s  condi t ioned  as to 

This  system has demonstrated e x c e l l e n t  accuracy  and re- 



V. SUPPORTING EFFORT 

I n  add i t ion  t o  t h e  t e c h n i c a l  ana lys i s  and design e f f o r t  d i r e c t l y  concerned 
wi th  modif icat ion and ope ra t ion  of t h e  e x i s t i n g  M-1 Fue l  Turbopump (F igure  S S ) ,  
work was performed i n  s e v e r a l  suppor t ing  areas, including Design P r o d u c i b i l i t y ,  
Three-Stage Turbine, Reactor F a c i l i t y  I n s t a l l a t i o n  Plumbing, and t h e  Turbopump 
Mount . 

A .  D E S I G N  PRODUC IB ILITY 

1. Inducer 

Under t h e  cognizance of t h e  M - 1  Program, a n  advanced computerized 
method o f  t r a n s l a t i n g  inducer designs i n t o  machine t apes  f o r  t h e  Omnimil was 
developed. This method was evolved t o  s i g n i f i c a n t l y  reduce lead-time. I n  view o f  
t h e  s h o r t  lead-t ime a v a i l a b l e  i n  t h e  PHOEBUS program, it appeared most exped i t ious  
t o  i n v e s t i g a t e  t h e  a p p l i c a b i l i t y  o f  t h i s  technique f o r  PHOEBUS and a t  t h e  same time 
v e r i f y  co r rec tness  of  t h e  new program. 
and machined using t h i s  method. With t h e  except ion  o f  a minor indexing e r r o r  made 
by t h e  machine ope ra to r  dur ing  t h e  machining of  t h e  l as t  po r t ion  of  t h e  l a s t  blade,  
a n  e x c e l l e n t  p a r t  was produced. As a r e s u l t  o f  t h i s  experience,  a p p r o p r i a t e  changes 
i n  t h e  computer program were made t o  preclude r e p e t i t i o n  o f  t h i s  human e r r o r .  
F igu re  60 shows t h e  p a r t  being in spec ted  immediately a f te r  removal from t h e  Onmimil. 

A proto type  PI-IOIBUS inducer  was designed 

The computer program was w r i t t e n  i n  F o r t r a n  f o r  t he  IBM7094 computer 
and c o n s i s t s  of seven chains ,  which are d e l i n e a t e d  i n  Appendix B. 

The prototype PHOEBUS inducer  w a s  machined i n  l e s s  than  50 Omnhi l  
Inspec t ion  of t he  vane t r ack ,  trim, and hub dimensions showed t h a t  devia-  hours. 

t i o n s  l i m i t e d  t o  O.OOS-in, t o  0.OlS-in. from t h e  drawing coord ina tes  were achieved.  

2. Guide Vane Housing 

The guide vane housing ( inducer  s t a t o r )  a l s o  c a r r i e s  t h e  forward 
bear ing  assembly. It inc ludes  coo lan t  and ins t rumenta t ion  passages through the  
vanes, thereby  r equ i r ing  a very  complex c a s t i n g ,  To adapt  t o  t h e  reduced flow rates 
f o r  t h e  PHOEBUS app l i ca t ion ,  i t  was necessary  t o  decrease  t h e  f low annulus  a r e a  o f  
t h e  main channels.  This  had t o  be accomplished wi thout  i nc reas ing  the  o v e r - a l l  
material content  of t h e  par t  because i t  was t h e  same as t h e  Inconel  718 pour 
capac i ty  o f  t h e  foundry. Severa l  methods were considered,  inc luding  cas t - in-p lace  
i n s e r t s ,  welded i n s e r t s ,  mmplete redesign,  and minimum redes ign .  

Complete r edes ign  was d iscarded  because of  high cos t ,  long  sched- 
u l e ,  and t h e  uncer ta in ty  of results.  I n s e r t s ,  a l though proved f e a s i b l e  by p l a s t e r  
s e c t i o n s ,  were discarded because of t h e  u n c e r t a i n t y  of s t r u c t u r a l  i n t e g r i t y  dur ing  
thermal t r a n s i e n t s .  The minimum redes ign  approach s e l e c t e d  c o n s i s t e d  of reducing  
t h e  e x t e r i o r  diameter  of t h e  o u t e r  shroud and i n c r e a s i n g  t h e  i n t e r f o r  diameter  of 
t h e  inner shroud to  ga in  s u f f i c i e n t  material t o  provide f o r  t h e  r equ i r ed  f i l l - i n  
o f  t h e  flow annulus. 
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To ensure  t h a t  t h i s  design change did n o t  render  t h e  c a s t i n g  
extremely d i f f i c u l t  t o  produce, ca s t ing  p a t t e r n s  were prepared f o r  t h e  new con- 
f i g u r a t i o n .  The work was completed t o  t h e  po in t  where it i s  p o s s i b l e  t o  immediately 
i n i t i a t e  c a s t i n g  of  t he  modified guide vane housing. Based upon foundry experience 
i n  t h e  M-1 Program, no major d i f f i c u l t i e s  are a n t i c i p a t e d  i n  t h e  product ion o f  t h i s  
p a r t  . 

Figures  61 and 62 show var ious  a spec t s  o f  t h e  guide vane p a t t e r n  
work i n  progress .  

B. THm-STAGE TURBINE 

The M-1 Model I1 t u r b i n e  is  n o t  optimum f o r  low-power high-pressure 
r a t i o  ope ra t ion  (hydrogen gas  a t  ambient temperature) .  
main def ic iency.  
low an i n l e t  p r e s s u r e  (approximately lh0 p s i g )  wi th  t h e  consequence t h a t  t h e  gas  
is  used at too low a level of  ava i l ab le  energy. 
p re s su res  and there'by, using gas  a t  a h igher  a v a i l a b l e  energy per  pound would make 
i t  poss ib l e  t o  s i g n i f i c a n t l y  reduce t h e  r equ i r ed  t u r b i n e  weight flow. 

The l a r g e  flow area is  i ts  
As a resul t ,  t h e  t u r b i n e  develops t h e  r equ i r ed  horsepower a t  too 

A t u r b i n e  r e q u i r i n g  higher  in let  

The M-1 t u r b i n e  remains the  prime candidate  f o r  t h e  PHOEBUS a p p l i c a t i o n  
because it is extremely rugged, can  be e x t e n s i v e l y  uprated,  design has  been com- 
p l e t ed ,  f a b r i c a t i o n  exper ience  gained,  and t e s t  data will soon be  a v a i l a b l e .  It is 
made from high-temperature materials; t h e r e f o r e ,  it could ultimately serve i n  a 
heated hydrogen r e a c t o r  bleed cyc le .  Also, t h e  low in le t  pressure requirement 
i nc reases  t h e  range o f  boots t rap  c a p a b i l i t y  and/or s i m p l i f i e s  t h e  h e a t  exchanger 
requirements e 

I n  suppor t  of t h e  e v e n t u a l i t y  t h a t  minimum tu rb ine  gas  f low i s  an 
over - r id ing  a spec t  of  f eed  system opera t ion  a t  the  r e a c t o r  fac i l i ty ,  a p re l imina ry  
design a n a l y s i s  was made of  a three-s tage  tu rb ine ,  s p e c i f i c a l l y  designed f o r  
ambient temperature ,  hydrogen gas  ope ra t ion  a t  the  PHOEBUS condi t ions .  It was found 
t h a t  a r e l a t i v e l y  s imple  tu rb ine  could be  evolved which would reduce t h e  r e q u i r e d  
t u r b i n e  weight f low by approxfmately 20 to 25%. 
smaller diameter and would d i r e c t l y  r ep lace  t h e  e x i s t i n g  Model I1 t u r b i n e  wi thou t  
any i n c r e a s e  i n  overhang o r  r o t o r  mass. 
For ambient temperature  s e r v i c e ,  it could be made from more r ead i ly - f ab r i ca t ed  
materials. 

The three-s tage  t u r b i n e  is of 

Thus,  it would n o t  decrease  c r i t i c a l  speed. 

However, new t o o l i n g  would be required. 

Assuming t h a t  reduced t u r b i n e  weight  flow i s  t h e  on ly  cons idera t ion ,  
t h e  th ree - s t age  t u r b i n e  appears  to be a very p r a c t i c a l  a l t e r n a t i v e .  One approach 
mer i t i ng  cons ide ra t ion  is  t o  provide t h e  three-s tage  t u r b i n e  as a f u t u r e  rep lace-  
ment, which would be i n s t a l l e d  during overhaul.  I n  t h i s  case,  t h e  assembly would 
be used f o r  subsequent r e a c t o r  tests f o r  which h igher  powers and longer  du ra t ions  
would be programed and provide a s u b s t a n t i a l  t o t a l  gas  savings.  

C. PLUMRING 

1. ProDellant I n l e t  Line 

a. Design Requirements 

(1) I n t e r f a c e  f a c i l i t y  plumbing wi th  16-in. schedule  30 
s t anda rd  pipe. 
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(2 )  

( 3 )  
l o a d s  induced i n t o  t h e  pump. 

I n t e r f a c e  pump wi th  an appropr i a t e  f l a n g e .  

Support  r e a c t i v e  f o r c e s  and l i n e  weight w i t h  minimum 

(4) Flow condi t ions :  

( a )  P res su re  75 p s i a  total 

( b )  Weight Flow 350 lbs/sec 

( c )  Temperature -421 "F 

b. Design Philosophy 

(1) I n t e r f a c e  t o  F a c i l i t y  Plumbing 

Aerojet-General Corporat ion w i l l  supply  an i n t e r f a c i n g  
s t u b  t o  be welded t o  t h e  f a c i l i t y  p rope l l an t  i n l e t  l i n e ,  This  s t u b  w i l l  be  f ab -  
r i c a t e d  from 16-in. schedule  30 p ipe  (0,250-in. w a l l )  and an ASA lSO-lb, 16-in.  
r ing-type j o i n t  f l ange .  The p res su re  r a t i n g  f o r  t h e  s t u b  assembly i s  275 p s i g  a t  
-423 "F 

(2)  Suc t ion  I n l e t  Line t o  I n l e t  Line Bellows 

This  l i n e  h a s  been designed using ASA 150-lb f l a n g e s  
and schedule  10  s tandard  p i p e  r a t e d  a t  275 ps ig  a t  -423°F. A 16-in.  r ing-type 
j o i n t  f l a n g e  mates t o  t h e  f a c i l i t y  s tub  and a 19.5-in. a p p r o p r i a t e  f l ange  w i l l  
mate t o  t h e  i n l e t  bellows, 

An un res t r a ined  bel lows f l e x i b l e  coupling w i l l  be 
i n s t a l l e d  immediately upstream of  t h e  pump t o  permit  f l e x i b i l i t y  f o r  l i n e  shr inkage  
and to le rances .  The bellows was designed f o r  0.100-in. nominal compression a t  a 
working pressure  o f  150 ps ig  a t  -420°F'. Line shr inkage  from nominal w i l l  reduce 
t h e  pre-set o f  t he  bellows by 0.16-in. The p a r a l l e l  o f f - s e t  between t h e  ends o f  
t h e  coupling has  been es t imated  t o  be 0.12-in. maximum. Maximum opera t ing  capa- 
b i l i t y  of t h i s  bellows assembly i s  1.5-in. ex tens ion ,  2.3-in. compression, and 
0.5-in. p a r a l l e l  o f f - se t .  

(11) Line Support  

A l i ne  suppor t  has been designed t o  c a r r y  the  v e r t i c a l  
component load  o f  t h e  l i n e  and t h e  r e a c t i n g  f o r c e  exe r t ed  by t h e  bellows. 
l i n e  shr inkage expected in t h e  h o r i z o n t a l  r u n  of t h e  l i n e  w i l l  r e q u i r e  a loose  f i t  
between t h e  pipe and t h e  support .  The suppor t  c r a d l e  and s t r a p  have been designed 
f'or l i n e  c learance  t o  permit t h e  p ipe  t o  s l i d e  i n  t h e  suppor t .  

' 
The 

( 5 )  Materials 

A l l  duc t ing  was designed using s t anda rd  p ipe  and f i t t i n g s ,  
except  f o r  t h e  mating f langes .  
s t a l l ed  i n  t h e  t e s t  area f o r  ~ - 1  turbopump t e s t i n g .  

The f l a n g e  s t u b  des ign  has  been f a b r i c a t e d  and in-  
All p a r t s  have been designed 
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with  300 series s t a i n l e s s  s teel  materials. The s t anda rd  p a r t s  and m a t e r i a l  were 
selected t o  permit  t h e  usage of  r ead i ly -ava i l ab le  p a r t s  and materials. 

2. P rope l l an t  Discharge Line 

a. Design Requirements 

Nominal Discharge Pres s u r  e 1L25 ps i a  

Design Discharge P- I essure 1600 p s i a  

Proof Pres su re  Discharge 1920 p s i a  

B u r s t  Pressure  Discharge 2560 p s i a  

Weight Flow Nominal 350 lbs/sec 

Operat ing Temperature -421 ”F 

Gas Constant  R 771.5 

S p e c i f i c  Heat Ratis K 1.399 

be Design Philosophy 

Economy i n  f a b r i c a t i o n  and maximum r e l i a b i l i t y  i n  s e r v i c e  

U t i l i z a t i o n  of high s t r eng th ,  t h i n  w a l l  Inconel  718 
were t h e  b a s i c  o b j e c t i v e s  o f  t h i s  design. 
a s i g n i f i c a n t  c o s t  reduct ion.  
tub ing  provides t h e  f l e x i b i l i t y  needed t o  remain w i t h i n  t h e  a l lowable  loads  a t  
t h e  turbopump d ischarge  f l ange .  By using ftcold sp r ing ing f t ,  t he  loads  induced by 
chi l ldown of t h e  l i n e  w i l l  be  reduced by approximately 5%. 
by producing t h e  l i n e  too  long  in a given plane (one h a l f  t he  c a l c u l a t e d  shr i l lkage) .  
The l i n e  i s  then  i n s t a l l e d  under compression, When chilldown occurs ,  t h e  l i n e  
passes through a n e u t r a l  condi t ion  to approximately h a l f  t h e  t e n s i o n  value which 
would occur i f  t h i s  technique were not  used, 

E l imina t ion  o f  gimbal j o i n t s  provide 

Th i s  is  accomplished 

3.  Turbine I n l e t  Line 

a. Design Requirements 

(1)  The tu rb ine  i n l e t  l i n e  is t h e  in t e rconnec t  p ip ing  
assembly between the  o u t l e t  of t h e  f a c i l i t y  shut-off  va lve  (No. ACV 150) and 
t h e  t u r b i n e  i n l e t  f lange.  The design c r i t e r i a  f o r  t h i s  system are:: 

Media - Gaseous Hydrogen 

Pressure (Ir)  - b l 0  p s i  (nominal) 650 s i  (maximum 
design)  780 p s i  (proof! 1040 p s i  ( b u r s t )  

Tanperature ( t o t a l )  - 58.7”F (nominal) + 100°F (maximum) 
* 25°F (minimum) 

74)  Proof Pressure  = 1.2 x Maxfmum design; B u r s t  Pressure  = 1.6 x Maximum design; 
Leak Pressure  0.75 x Proof Pressure  



Weight Flow - 51 Pb/sec (nominal) 60 lb /sec  (maximum) 

S p e c i f i c  Heat R a t i o  (K) = 1.399 

Gas Constant  (R) = 771.5 

Veloci. ty -i Less  than  0.5 Mach No. (nominal) 

( 2 )  I n  &J.i-EtLzn t o  sa t i s fy- ing  the  above requirements ,  t h i s  
l i n e  assembly m u s t  be  s u f f i e i e n t L y  f l e x i b l e  t o  a s s u r e  t h a t  excess ive  f l ange  loads  
are n o t  imposed upon t h e  tu rb ine .  

b. Design Philosophy 

(1) Two b a s i c  concepts  f o r  t h e  i n l e t  l i n e  system are b e i n g  
inves t iga t ed .  One system is  a semi-r igid l i n e  without  f l e x - j o i n t s .  
would be  f a b r i c a t e d  from 6061 aluminum and because t h e r e  would be generous use  o f  
bends (approximately 348") a long wi th  t h e  low material bulk modulus a n t i c i p a t e d  
l i n e  d e f l e c t i o n s  w i l l  n o t  cause excess ive  f l a n g e  loads.  
economical t o  f a b r i c a t e ,  
s t a i n l e s s  s t e e l  and would u t i l i z e  bellows t o  accommodate a n t i c i p a t e d  de f l ec t ions .  
Although t h i s  system would be heav ie r  and poss ib ly  more c o s t l y  than  t h e  semi-r igid 
system, it o f f e r s  t h e  advantage o f  less  t o t a l  l i n e  volume (1760 i n 3  as compared t o  
3120 in3 f o r  the  semi- r ig id  l i n e ) ,  

This  l ine  

Th i s  l i n e  w i l l  be  re la t ive ly  
The a l t e r n a t i v e  system would be f a b r i c a t e d  from 300 series 

n. REACTOR FACILITY TURBOPUMP STANTI 

A t r i p o d  arrangement and v e r t i c a l  mounting f o r  t h e  turbopump was 
s e l e c t e d  in  designing t h e  t e s t  st+and f o r  t h e  PMOTBUS turbopump i n  compliance 
wi th  the  Nevada T c s t  F a c i l i t y  drawings. 

Standard s t r u c t u r a l  s t e e l  s u i t a b l y  t r e a t e d  f o r  c o r r o s i o n  r e s i s t a n c e ,  
is used f o r  the frame cons t ruc t ion ,  
t o .  

ASME, ASTM, and AWS safety codes were adhered 

Calculated stresses i n  a l l  members and t h e i r  connect ions occur  wi th in  
t h e  e l a s t i c  range of the material. T h e  combined stresses do not  exceed safe lfmits, 

Bas i ca l ly ,  t h e  design is a f ~ r i g i d - f r a m e ~ p  construc t f o n .  End connect ions 
o f  a l l  members i n  the  frame have s u f f i c i e n t  r . igFdity t o  main ta in  t h e  angles  between 
t h e  connected members under a l l  expected loading condi t ions .  

The turbopmp is suppsr5ed by i t s  tyunions i n  s e l f - a l i g n i n g  monoball 
bear ings ,  
anchored i n  o ther  s e l f - a l i g n i n g  monoball bear ings .  
concur ren t ly  with t h e  t run fon  cen te r ing  screws during i n s t a l l a t f o n  of the  pump t o  
achieve c o r r e c t  alignment.  

La te ra l  arrest is provided by two a d j u s t a b l e  sway braces ,  which are a l s o  
The sway braces  are ad jus t ed  

Ease of i n s t a l l a t i o n  o r  removal of t h e  pump is provided by t h e  u t i l i z a -  
t i o n  of s p l i t  p i l low block mounting of t h e  t run fon  bea r ings ,  which are r e t a i n e d  by 
two clamping caps. 



The cross-braced f r o n t  panel o f  t h e  s t and  is  removable to faci l i ta te  
i n s t a l l a t i o n  o f  t h e  PHOEz3US turbopump. This  panel  w i l l  be f a c i n g  t h e  n o r t h e r l y  
unobstructed approach i n  t h e  t es t  bay, providing d i r e c t  a c c e s s  f o r  wheeling t h e  
turbopump to  t h e  t r u n i o n  bear ing supports .  

Alignment and mating of t h e  turbopump in l e t  and ex i t  flanges wi th  those  
of  t h e  t es t  bay duc t ing  is  accomplished by t h e  ind ica t ed  adjustments.  Add i t iona l  
ad jus tments  can b e  made by t h e  l e v e l i n g  j ack  screwsp which are p a r t  of  t h e  t r i p o d  
base  p l a t e s .  
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SYMBOLS LIST 



SYMBOLS LIST 

v, VZJT 

6 
B 

i 

or: 

f 

OH 
A Ha 

A #k 

n 

1 

2 

3 

Veloci ty:  Absolute, Axial, Tangent ia l  ( f t / s e c )  

Incidence Angle (degrees)  

Pevia t fon  Angle (degrees)  

Blade Angle (degrees)  

F l u i d  Angle (degrees)  

Loss Coef f i c i en t  

D i f fus ion  Factor  

Radius ( i n ,  ) 

Rotor Head Rise ( f t )  

Stage Actual  Head Rise ( f t )  

Stage  I d e a l  Head Rise ( f t )  

Actual Head Coeff ic ien t  

Flow Coef f i c i en t  

W f i c i e n c y  (percent )  

SUBSCRIPTS 

I n  f r o n t  of  rotor 

Between r o t o r  and s t a t o r  

Behind s t a t o r  
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APPENDIX B 

INDUCER - IMPELLER D E S I G N  

AND FABRICATION COMPUTER PROGRAM 



This  computer program, w r i t t e n  i n  For t r an  f o r  t h e  I B M  7094 computer, 
c o n s i s t s  of 7 cha ins  which perform the  fo l lowing  func t ions :  

Al) 'Design w i t h  vane s u r f a c e  coord ina tes  0, R, 2, s p e c i f i e d  f o r  
gene ra t ion  and in spec t ion ,  

A 2 )  Maximum c u t t e r  s e I . ec t im  f o r  f a b r i c a t i o n .  

A 3 )  C u t t e r  pa th  coord ina tes  f o r  cam o r  numerical  c o n t r o l  (NC) 
machines. 

A 4 )  Most e f f i c i e n t  c u t t i n g  pa ths  f o r  metal removal between vanes. 

A S )  

A 6 )  

Feeds, c u t t e r  speeds, and depth of c u t s .  

Punch t ape  f o r  t h e  0mni.mil 5-axis NC machine. 

These f u n c t i o n s  f o r  design, roughing and f i n i s h i n g  (vane and hub) are  
accomplished i n  less  than  10 minutes  on a 7094 computer as a s i n g l e  job. 

The des ign  phase requires t h e  fo l lowing  input :  

B1) 

B2) 

T i p  and hub contours  'En equat ion  format  o r  as d a t a  poin ts .  

Blade ang le  d i s t r i b u t i o n  along t h e  t i p  and hub s t reamtubes.  

B 3 )  

B h )  

Leading edge sweep i n  degrees  of wrap, 

Blade c a n t  angle i n  degrees  which t h e  p re s su re  s u r f a c e  makes 
wi th  t h e  r a d i a l  element (only  r equ i r ed  a t  t h e  sweep ang le  indicated by B3) .  

BS) Leading edge th i ckness  ( cons t an t  over  t h e  trim area), 

B6) Thickness d i s t r i b u t i o n  a long  t i p  and hub s t reamtubes,  

B7)  In spec t ion  streamtubes are l i m i t e d  t o  s u r f a c e  of  r e v o l u t i o n s  
genera ted  by s t r a i g h t  l i n e s ,  conics ,  c i r c l e s  and e l l i p s e s .  

The p res su re  s u r f a c e  coord ina tes  (R, Z J  e) are ob ta ined  by i n t e g r a t i n g  

% - =  dm 

where 
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i s  the  maximum c u t t e r  diameter a v a i l a b l e  and CY i s  t h e  maximum 
where c y l i n d r i c a  CDMAH diameter  (minimum value from t h e  t a b u l a t e d  cyli!%rs) which 
may be  used in machining t h e  s e l e c t e d  s e c t i o n  o r  passage. The c u t t e r  pa th  
is computed and recorded on magnetic t a p e  f o r  NC machines ( t h e  c u t t e r  pa th  
as p resc r ibed  i s  compatible to  both NC and cam c o n t r o l  machines). 
s e l e c t i o n  i s  made based on t h e  requirement  t h a t  t h e  ho lde r  and t o o l  
s p i n d l e  s h a l l  c l e a r  the  impel le r  by a c l e a r a n c e  band at a l l  times during 
t h e  machining process. 

Holder 

The b e t a  d i s t r i b u t i o n  as p resc r ibed  i n  item B2 above i s  assumed t o  
be  those  va lues  which def ined  t h e  lead o f  t h e  p re s su re  surface only  ( t h e  
vane c e n t e r l i n e  i s  n o t  used in t h i s  prograp). 
(S(R,Z)On) are computed by t h e  vec to r  cross-product  of two vec to r s  l y i n g  
i n  t h e  p re s su re  surface, i.e. 

The s u c t i o n  su r face  coord ina tes  

- 
where i1 is  t h e  v e c t o r  from t i p  to hub, V 
p re s su re  su r face  lead, a n i  t 
t a b l i s h e d  by t h e  v e c t o r s  V 
coord ina te s  are co r rec t ed  k, t h e  requi red  i n s p e c t i o n  s t r eaml ines  by l i n e a r  
i n t e r p o l a t i o n  a long  t h e  i n t e r s e c t i o n  of t h e  vane s u r f a c e s  wi th  t h e  meridional  
plane. 

is  t h e  v e c t o r  p a r a l l e l  to t h e  
i g  t h e  t h d k n e s s  normal t o  t h e  p lane  es- 

and V2. The p res su re  and s u c t i o n  surface 

The numerical  c o n t r o l  (NC) f a b r i c a t i o n  phase of t h e  computer program 
r e q u i r e s  : 

C 1 )  Vane su r face  coord ina tes ,  t i p  and hub contour coord ina tes ,  
and leading  edge trim coord ina te s  ( s t o r e d  on magnetic t ape  from design 
phase).  

C 2 )  C u t t e r  t a b l e ,  i.e. cut ter  diameter, l eng th ,  etc.,  f o r  a l l  
c u t t e r s  on  hand o r  ca ta loged .  

C3) Holder t a b l e  c o n s i s t i n g  of a l l  ho lders  which adapt c u t t e r s  
t o  t h e  Omnimil. 

C 4 )  F i x t u r e  requirements.  

Cs) Vane s t o c k  remaining pe r  t h i s  machining sequence. 

A s  a n  a i d  i n  c u t t e r  s e l e c t i o n ,  t h e  maximum c y l i n d e r  between vanes 
p e r  degree of  wrap is  computed and t a b u l a t e d  w i t h  t h e  assumption t h a t  t h e  
c u t t e r  path i s  obta ined  when t h e  c u t t e r  c e n t e r l i n e  p r o j e c t s  through t h e  
i m p e l l e r ' s  c e n t e r l i n e  of  r d a t i o n .  
t a b l e  inpu t  based on t h e  fo l lowing  c r i t e r i a :  

A c u t t e r  i s  s e l e c t e d  from t h e  c u t t e r  

The ac tua l  machining process  fo r  vane g e n e r a t i o n  r e q u i r e s  numerous 
These s t a g e s  are s t a g e s  before  vane completion. 

D1) Passage metal removal using f l a t  end cut ters .  
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F2) Passap metal removal using b a l l  end c u t t e r s  ( r e q u i r e d  near 
hub because o f  t h e  f i l l e t ) ,  

D 3 )  Cut t ing  TRIM. 

DL) 

D5) 

Fin i sh ing  hub t o  drawing requirements.  

F in i sh ing  vane t r a c k  t o  drawing requirements.  

Feeds, speeds,  depth of  c u t s ,  and number of c u t s  are computed based on  
t h e  s e l e c t e d  c u t t e r  diameter,  l eng th  of c u t t e r ,  type  of material being 
machined, and t h e  machining sequence l i s t e d  above. 

As a program v e r i f i c a t i o n  and demonstration, a pro to type  PIIOE?BUS inducer  
was machined in  less than  50 Omnimil hours .  
t r im,  and hub showed t h a t  d e v i a t i o n s  l i m i t e d  t o  approximately 0.005 t o  
0.015-in. from t h e  drawing in spec t ion  coord ina te s  were achieved. 

Inspec t ion  of t h e  vane t r a c k ,  
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